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The adult kidney consists of hundreds of thousands of fine epithelial tubules as functional 
units called nephrons. Nephrons have U-shaped tubules: loops of Henle that descend from 
the cortex to the medulla. This radial arrangement is critical to maintain water homeostasis in 
the kidney. Although Henle’s loops are crucial to renal physiology, the cue(s) they uses to 
navigate to the medulla are not understood. In this thesis, I investigate how the loop of Henle 
elongates during mouse renal development and show that it is probably guided to the 
medulla by diffusible, heparin-binding molecules. 
I used immumohistochemistry (IHC) on cryosections of embryonic kidneys to study the 
natural anatomy of the Henle’s loop. I used a low-volume culture system to allow embryonic 
kidneys (both natural and tissue-engineered) to form loops of Henle ex vivo and manipulated 
their direction of growth. Time-lapse imaging of Lgr-5 EGFP embryonic kidneys 
demonstrated the movement of the apex of the loop which suggested the idea of guidance 
cue(s) acting on the loop of Henle. Cut-and-paste experiments showed that loops appeared to 
be attracted to maturing collecting duct. Co-culture with an exogenous tubule inducer 
suggested the embryonic spinal cord as another source to attract the loops. Using raTAL (rat 
thick ascending loop of Henle) and 6TA2 (embryonic collecting duct cells) cell lines, I 
designed and performed a cell migration assay to test whether raTAL was attracted to 6TA2 
cells. raTAL cells were notably attracted to 6TA2 cells compared to other cell lines. raTAL 
cells were also attracted to 6TA2-conditioned medium, which indicated that raTAL cells 
were attracted by secreted molecule(s). To begin to characterise those secreted molecule(s), 
heparin-binding protein-coated beads were used in the cell migration system and showed that 
at least one critical guidance factor is heparin-binding.  
From this study, I found that the apex of the Henle’s loop does move and loops are attracted 
by secreted molecule(s) possibly from the collecting duct. Although target molecule(s) were 
unidentified, this study provides the first mechanistic information about the guidance of the 
loop of Henle. Moreover, this was the first study of guidance of epithelial tubule shafts 
(rather than tips) adding to our understanding of general tubule morphogenesis.  
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1 Chapter 1 Introduction to cell migration, kidney 





























Patterning a complex organ is a highly elaborate process mediated by coordinated 
mechanisms to eventually construct its functional structures. In order to produce functional 
structures, individual cells or/and groups of cells have to undergo major biological processes 
such as cell differentiation, proliferation, cell death, and cell migration (Gilbert, 2013). 
The main focus of this thesis is guidance of tube migration during development. In the few 
systems that have been well-studied, cell migration occurs at a tip region of a tube by 
sequence of orchestrated steps. Vascular sprouting is, for instance, led by its tip cell. 
Whereas cues guiding navigation at the tip region are relatively well understood, how a 
middle of a bent tube navigates remains to be determined. 
The kidney is a great model to study this with respect to its unique U-shaped component, the 
loop of Henle (LoH). Therefore, I aim to use this system to study the guidance cue(s) 
underlying directional growth of the bend of a tube.    
In this review chapter, I will present an account of our general understanding of guidance 
cues that mediate cell migration, followed by overview of mouse kidney development and, 
finally, development of the LoH. 
 
1.2 Overview of cell navigation 
Cell migration, a term that also refers to cell movement, is one of fundamental behaviours of 
cells. Cell migration plays crucial roles such as embryogenesis, immune responses and 
regeneration processes (Friedl and Weigelin, 2008, Kurosaka and Kashina, 2008, Friedl and 
Gilmour, 2009). In contrast, cell migration can also contribute to abnormal development. In 
cancer, for instance, cell migration aids cancer cell spreading, which eventually gives rise to 
cancer metastasis (Wells, 2006, Leong et al., 2012). However, both normal and abnormal 
cases provide valuable information to understand cell migration. 
In terms of the number of cells that migrate, cell migration can broadly be classified into 
solitary or collective cell migration. Solitary cells migrate individually. A widely studied 
example is the migration of primordial germ cells (PGCs) towards the prospective gonad in 
zebrafish, mouse, and Drosophila models (Kunwar et al., 2006). Better examples include 
leukocyte extravasation to peripheral tissue for immune function, and hematopoietic stem 
cell migration from bone marrow to blood circulation, and neuronal migration in the nervous 
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system (Wright et al., 2001, Friedl and Weigelin, 2008, Cooper, 2013). In contrast to 
individual cell migration, collective cells migrate as a group, such as a two-dimensional (2D) 
sheet, coupled by cell-cell interactions while they migrate. I will review this later. 
 
1.2.1 Mechanisms underlying individual cell migration 
In order to move, a sequence of steps (the cell motility cycle) takes place at the leading edge 
of a cell (reviewed in Bravo-Cordero et al., 2013). A cell becomes polarized and shows 
protrusions as its initial response to guiding molecules. These protrusions take the formation 
of lamellipodia or filopodia (Mejillano et al., 2004). Their formation is triggered by small 
guanosine triphosphate (GTP)-binding proteins (GTPases) acting on actin polymerization 
(Ridley, 2001, Raftopoulou and Hall, 2004). The actin-based protrusions are stabilized by 
connecting the extracellular matrix (ECM) and the actin cytoskeleton. This adhesion also 
plays a role to pull on the cell body (Cramer, 2013). Finally, both actomyosin contractility 
and disassembled adhesion at the cell rear cause the retraction of the trailing edge of the cell 
(Cramer, 2013). 
Although the overall structures of lamellipodia vary between different cell types, 
lamellipodia generally have a thin sheet structure composed of highly branched actin 
filament networks constructed by actin polymerization (Welch and Mullins, 2002). The 
protrusion can be illustrated by the ‘Treadmilling model’ (reviewed by Pollard and Borisy, 
2003). Once a receptor of a cell receives extracellular stimuli, the receptor activates small 
GTPases of the Rho family and phosphatidylinositol 4,5-bisphosphate (PIP2) followed by 
activating Wiskott-Aldrich syndrome protein (WASP)/WASP-family verprolin homology 
protein (WAVE) (Figure 1-1). WASP/WAVE recruits Arp2/3 complex and an ATP-actin 
monomer (Figure 1-1). The actin polymerization initiates by this Arp2/3 complex by its 
binding to the side or the barbed end of a pre-existing (old) actin filament to assemble new 
actin filaments (Figure 1-1) (Welch and Mullins, 2002, Pollard and Borisy, 2003). When the 
barbed end of filaments become free by Brownian motion (bending), the newly branched 
filaments form by adding actin to their ends and these elongated filaments spring back to 
their original position (Mogilner and Oster, 1996). This is so-called ‘elastic Brownian 
ratchet’ eventually pushes the membrane and results in the membrane protrusion (Mogilner 
and Oster, 1996). The elongation ceases when the barbed end of branches is capped by 
capping proteins (Cooper and Sept, 2008) (Figure 1-1). The capping proteins also bind to 
wrongly positioned branches to inhibit incorrect branching (Cooper and Sept, 2008). When 
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the actin filaments get older by ATP hydrolysis, ADF/cofilin facilitates dephosphorylation of 
actin filaments and reduces ADP-bound actins at the pointed ends of the filaments to actin 
monomers (Pavlov et al., 2007) (Figure 1-1). These ADP-actin monomers then become 
ATP-actin monomers by the exchange of ADP for ATP catalyzed by profilin (Witke, 2004) 
(Figure 1-1). These ATP-actin monomers are recycled for new actin polymerization (Figure 
1-1). Therefore, membrane protrusion relies on the actin polymerization, uncapping new 
ends of filaments, and severing older ends of filaments (Condeelis, 1993, Zigmond, 1996).   
      
 
Figure 1-1 A simplified diagram of treadmilling model for cell membrane protrusion 
by actin polymerization and depolymerization (Redrawn and modified from a figure in 
Pollard and Borisy, 2003). 
 
Filopodia are another protrusive structure seen at the leading edge of migrating cells, 
reaching beyond lamellipodia. Filopodia are morphologically different from lamellipodia. 
They have long and thin finger-like structures composed of parallel bundles of unbranched 
F-actins (Mattila and Lappalainen, 2008). Similar to lamellipodia, filopodial protrusion is 
also thought to be mediated by a filament treadmilling model (Welch and Mullins, 2002, 
Ridley et al., 2003). However, the Arp2/3 complex and the capping proteins are almost 
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absent in filopodial tips, suggesting the use of different proteins such as the 
enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) family protein MENA, fascin, 
and Irsp53 to form a bundle of unbranched long filaments (Krause et al., 2003, Vignjevic et 
al., 2006). Ena/VASP proteins inhibit end capping and branching by binding at the barbed 
end (Krause et al., 2003). Fascin and Irsp53 are actin-bundling proteins that might increase 
the stiffness of filopodia to push the membrane efficiently (Welch and Mullins, 2002, 
Vignjevic et al., 2006). 
Both lamellipodia and filopodia are regulated by central regulators, the Rho family small 
GTPase proteins; Rac, and Cdc42 (Nobes and Hall, 1995, Raftopoulou and Hall, 2004, 
Heasman and Ridley, 2008). Rho family GTPases proteins are regulated by binding to GTP 
(active form) or GDP (inactive form) (Jaffe and Hall, 2005). The active form of Rho 
GTPases binds to downstream molecules to regulate lamellipodia and filopodia (Heasman 
and Ridley, 2008). Rac and Cdc42 are major GTPases proteins regulating the cell protrusions 
(Nobes and Hall, 1995, Raftopoulou and Hall, 2004). One of downstream targets for Rac is 
WAVE complex which activates Arp2/3 to proceed actin polymerization for lamellipodia 
(Heasman and Ridley, 2008) (Figure 1-2). Cdc42 also mediates actin polymerization via 
WASP or Irsp53 to form filopodia (Krugmann et al., 2001) (Figure 1-2). Rac and Cdc42 
both can induce actin polymerization by activating mDia2 (Heasman and Ridley, 2008) 
(Figure 1-2). In addition, Rac and Cdc42 shares Ser/Thr kinase PAK to LIM kinase (LIMK) 
pathway to inhibit cofilin activation to regulate actin turnover for lamellipodia and filopodia 





Figure 1-2 Rho GTPases associated pathways to form lamellipodia and filopodia 
(Image adapted and redrawn from Heasman and Ridley, 2008). 
 
In order for cells to advance forward in response to a cue, cells have to protrude at the 
leading edge and to pull the cell body and to retract the trailing edge. Importantly, cell matrix 
adhesion between actin cytoskeleton and the substratum plays a role of a “molecular clutch” 
during cell locomotion (Hu et al., 2007, Le Clainche and Carlier, 2008). This adhesion is 
mediated by a transmembrane receptor family, integrin heterodimers that consist of α and β 
subunits (Ivaska, 2012). When the integrin is activated by binding to extracellular ligands, it 
gives rise to conformational changes of the receptors to cluster integrin (Cluzel et al., 2005). 
The integrin clustering begins intracellular signaling including small GTPases activation, 
which eventually determines the adhesion site (Cluzel et al., 2005). The integrin is in an 
active form predominantly at the site where the adhesion occurs (Ridley et al., 2003). If this 
molecular clutch (integrin) is disengaged from the actin cytoskeleton, the cell cannot 
protrude since the force produced by actin elongation is expended on retrograde flow (Figure 
1-3). Conversely, if the clutch is engaged with the actin assembly, cell protrusion takes place 
by the force from the actin polymerization acting at the leading edge of the cell (Figure 1-3). 
The molecular clutch also regulates cell body traction and the tail retraction by myosin II 
with actin filaments (actomyosin) tension that is transmitted to the focal adhesion (Ivaska, 
2012) (Figure 1-3). 
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Figure 1-3 Adhesions between the substratum and actin assembly for cell advance 
(Image adapted and modified from Le Clainche and Carlier, 2008) 
 
As a final step for cell locomotion, adhesions at the cell rear should be disassembled. As a 
cell advances at the leading edge by protrusion, the actomyosin-generated tension (myosin 
II-based contractile force) at the rear increases and is sufficient to release the adhesion 
between the integrin and the actin filament (Cramer, 2013). Other forces can also drive the 
retraction of the rear. A study in fibroblasts reported that, instead of myosin II-motor-based 
force, actin filament depolymerisation establishes retraction at the rear (Mseka and Cramer, 
2011). Another study in nematode worm sperm cells reported that the force originating from 
macrophage stimulating protein (MSP) depolymerisation drives rear retraction (these cells 
lack actin and motor proteins) (Shimabukuro et al., 2011). Therefore, both myosin II-based 
contractility and actin disassembly are thought to drive retraction at the cell rear.  
 
1.2.2 Types of guidance cues 
In order for cells to migrate using the highly organized motility machinery described in the 
previous section, guidance cue(s) are required to trigger cells’ locomotion by activating 
signaling pathways that regulate the actomyosin cytoskeleton. In many cases, cells migrate 
in response to external sources of guidance cue(s). When cells exposed to an either 
symmetrical or asymmetrical cue tend to show random (non-directional) locomotion, the 
phenomenon is called chemokinesis (Petrie et al., 2009). In contrast, if cells detect 
asymmetrical environmental cues and they display directional locomotion, it is directional 
migration such as chemotaxis (Petrie et al., 2009). These asymmetrical environmental cues 
can be broadly divided in to ECM and soluble molecules. Among many types of guidance 




guiding cues. Chemotaxis is a soluble molecule-mediated guiding cue. In this section, I will 
review the guidance cues that induce directional locomotion of cells. 
 
1.2.2.1 Contact guidance 
Cells can migrate directionally by contact guidance. Contact guidance applies when the 
topographical structure of surrounding cells, namely ECM, controls cellular morphology and 
migration (Curtis and Wilkinson, 1997). Specifically, cells follow the fibre density-based 
geometries. If a low density of fibres is present, cells find it difficult to detect the fibres, 
giving rise to unidirectional (random) migration (Petrie et al., 2009). Conversely, a high 
density of fibres, especially when the fibres are aligned, can navigate directional cell 
migration (Petrie et al., 2009). An example of contact guidance has been reported in 
Xenopus laevis gastrula, where mesodermal cell locomotion was promoted by aligned ECM 
fibrils (Nakatsuji and Johnson, 1982). An in vitro approach has been made in another study, 
using neurons from Xenopus spinal cord and rat hippocampus: here a topographic factor 
artificially generated by grooved quartz  played a path-defining role for neurons to establish 
their polarity and migration (Rajnicek et al., 1997). Most other in vitro bioengineering 
studies consistent with contact guidance have made an effort to recapitulate fibres or a fibre-
based network to study contact guidance. These studies suggest that physical contact with 
structures having topographical features can induce and facilitate directional cell locomotion. 
 
1.2.2.2 Haptotaxis 
Haptotaxis is the guidance of cells by a gradient of chemotactic molecules bound to the 
substratum. The more ligands are bound to the substratum, the stronger adhesive interaction 
is present between the cell and ECM. Like contact guidance, haptotaxis also directs cell 
migration through contact with ECM. However, haptotaxis relies on the gradient of adhesive 
of interaction between integrin and ECM (Lara Rodriguez and Schneider, 2013). A great 
study to demonstrate haptotaxis was carried out by Suter et al. in Aplysia neurons (Suter et 
al., 1998). In order to see how physical interaction between the cell surface and a substrate 
affects directional motility of the neuronal growth cone, they coated a silica bead with a 
homophilic adhesion molecule, apCAM that is also expended by the cell surface (Suter et al., 
1998). Then, the bead was placed on the top of the growth cone to mimic interaction 
between the cell surface and the substrate (Figure 1-4).  When the bead was unrestrained, it 
was carried back by retrograde actin flow (Figure 1-4). However, if the bead was held by a 
27 
 
micro-needle to recapitulate physical interaction between the growth cone to the substrate, 
after few minutes a new protrusion formed beyond the bead and the central domain, 
including microtubules, actomyosins, was also steered towards the bead (Figure 1-4) (Suter 
et al., 1998). This demonstrated haptotaxis by illustrating its feature, navigating cells towards 
where the stronger mechanical force to the substrate takes place.  
 
 
Figure 1-4 An example of demonstrating Haptotaxis (Image modified and redrawn 
from Rorth, 2011, Davies, 2013b) 
 
1.2.2.3 Durotaxis 
Durotaxis (mechanotaxis) occurs when cells preferentially migrate towards more rigid 
substrate than other. Durotaxis and haptotaxis basically share a concept of using net physical 
interactions between the cell and the substrate. Durotaxis differs from haptotaxis in terms of 
that durotaxis uses a gradient of rigidity to navigate cells whilst haptotaxis uses a gradient of 
adhesiveness to guide cells. One of the pieces of evidence to demonstrate durotaxis has come 
from a study of fibroblasts cultured in type I collagen-coated elastic polyacrylamide gel (Lo 
et al., 2000). A gradient of the pliability was induced in the polyacrylamide gel by adding 
different amounts of the bis-acrylamide cross-linker (Lo et al., 2000). In this environment, 
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fibroblasts directed their locomotion towards relatively rigid regions by stronger traction 
forces on them (Lo et al., 2000). Other studies using different cell types and different kinds 
of substrates, such as a microfabricated substrate, have also demonstrated durotaxis (Saez et 
al., 2007, Tse and Engler, 2011, Lara Rodriguez and Schneider, 2013).  
 
1.2.2.4 Chemotaxis 
Chemotaxis is the guidance cue of navigating cells by diffusible chemotactic factors. 
Consistent with the essential role of chemotaxis in aspect of development including 
angiogenesis, neurogenesis, and embryogenesis, chemotaxis might be one of the most 
studied mechanisms of navigation (Lamalice et al., 2007, Raz and Mahabaleshwar, 2009, 
Cooper, 2013). Chemotaxis works in a similar way as haptotaxis does in that they both use a 
graded external input to direct cells’ locomotion bias. However, cells in chemotaxis are 
navigated by diffusible (soluble) chemotactic factors whilst haptotaxis is mediated by the 
factors that are bound to the substratum. 
How chemotaxis steers directional cell locomotion has been well studied in the model 
Dictyostelium discoideum (D. discoideum) (reviewed by Newell et al., 1990, Vicker and 
Grutsch, 2008, Wang et al., 2011, Davies, 2013a). Due to its simplicity, D. discoideum is a 
favorable system to study chemotaxis (Charest and Firtel, 2010). During the life cycle of D. 
discoideum, cells undergo an aggregation process before forming fruiting bodies. These 
aggregating cells use chemotaxis to migrate towards aggregation centres (Vicker and 
Grutsch, 2008).  
D. discoideum also begins to move by protrusions, termed pseudopods, at the leading edge, 
and uropods at the rear and these make D. discoideum to determine its directional movement 
(Van Haastert, 2010). In order for cells to be polarized and protrude under chemotaxis, they 
have to sense and amplify a shallow gradient external cue, and internally convert the cue to 
cell locomotion. Cyclic adenosine monophosphate (cAMP) in a shallow gradient initiates 
chemotaxis by binding to cAMP receptor 1 (cAR1), a G-protein coupled receptor (Saxe et 
al., 1991). cAR1 stimulates heterotrimeric G-proteins which activate phosphoinositide 3-
kinase (PI3K). PI3K then phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) to 
phosphatidylinositol 3,4,5-triphosphate (PIP3) that is one of the important second messengers 
to mediate actin polymerization. Therefore, cAMP is a fine trigger to initiate the signaling 
cascade via its effectors to migrating cell movement. However, cells need to amplify a 
shallow gradient of cAMP to an internal steep gradient, thereby becoming polarized and 
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protruding towards a region of slightly higher cAMP. The problem can partly be resolved by 
amplifying the internal signaling through a downstream effector of cAR1, PI3K. Although 
the receptor for cAMP is dispersed around the cells in proportion to a gradient of cAMP, the 
downstream effectors of the receptor, PI3K and its effector PIP3 are relatively more localized 
at the up-gradient edge (Parent et al., 1998, Funamoto et al., 2002). Hence, this asymmetrical 
distribution of such effectors promotes actin proliferation preferentially at the up-gradient 
edge. Another way can also lead to inhomogeneous distribution of a steep gradient. Opposite 
in function to PI3K, the protein phosphatase and tensin homologue (PTEN) 
dephosphorylates PIP3 into PIP2 and PTEN localizes towards the rear when cells sense a 
gradient of cAMP (Iijima and Devreotes, 2002). Since PTEN is activated by a PIP2-
dependent way, decreasing PIP2 by PI3K at the leading edge results in less PTEN at the 
leading edge, which makes more asymmetric to distribution of PIP3 (PIP3 is produced at the 
leading edge and degraded at the rear) (Iijima et al., 2004). In addition to this steep gradient 
of the cAMP downstream effectors to promote pseudopod extension at the leading edge, 
inhibiting other protrusions at the lateral and the rear might be essential for efficient 
chemotactic movement. This is mediated by cGMP produced by soluble guanylyl cyclase 
(sGC) which is activated by cAMP stimulation (Veltman et al., 2008). cGMP inhibits 
pseudopodia through regulating myosin II, an actin-based motor protein, which is present in 
the lateral and the rear (Bosgraaf et al., 2002). As myosin II plays an inhibitory role for 
lateral and rear pseudopodia, pseudopodia can be confined to the leading edge for efficient 
chemotactic locomotion of cells. 
Chemorepulsion is an opposite concept to chemoattraction but is also an example of 
chemotaxis. Whereas cells that undergo chemoattraction migrate towards a diffusible 
attractant, cells in chemorepulsion move away from a diffusible repellent. This repulsive 
locomotion, in addition to attractive cell movement, is also important for cells to navigate to 
their correct target by keeping them away from a region that should not be occupied (Nguyen 
Ba-Charvet et al., 1999). Thus, both chemoattraction and chemorepulsion contribute to 
development of the nervous system by guiding axon growth cones (Bagnard et al., 2000). 
One of major signaling pathways that underlie chemorepulsion is the Slit-Roundabout 
(Robo) pathway. The Slit family is evolutionarily conserved protein family initially 
identified as a molecule implicated with the midline glia development and later found to 
repel midline axons in Drosophila (Rothberg et al., 1990, Battye et al., 1999). The repulsion 
begins by the diffusible Slit binding to the Robo, the receptor family protein (Andrews et al., 
2007) (Figure 1-5). Subsequently, the Robo activates GTPase-activating protein (GAP) 
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which dephosphorylates Cdc42-GTP (active) to Cdc42-GDP (inactive) (Figure 1-5). This 
leads to relatively less Cdc42-GDP resulting in less actin polymerization through WASP 
activating Arp2/3 (refer to 1.2.1) at the region that faces a higher gradient of the Slit (Figure 
1-5). In contrast, the other part of the cell, that encounters a lower gradient of the Slit, has 
more of Cdc42-GTP that promotes actin polymerization, thereby repelling the cell from a 
higher Slit environment to a lower (Figure 1-5).   
Class III semaphorins also play a repulsive role in the central and peripheral nervous systems 
(Puschel et al., 1995, Van Vactor and Lorenz, 1999). Neuropilin / plexin is the receptor 
complex through which semaphroin III can signal (Kolodkin et al., 1997, Rohm et al., 2000). 
Neuropilin is a semaphorin III-binding subunit and plexin is a signal transduction subunit 
(Rohm et al., 2000).  It was noted that semaphorin III signaling through a functional 
receptor, plexin, inhibits axonal growth cones via direct-binding to Rac1, suggesting 
semaphorin III is a repellent (Jin and Strittmatter, 1997, Vikis et al., 2000, Hu et al., 2001). 
At the same time, plexin activates RhoA which consequently promotes actomyosin filament 
polymerization (Hu et al., 2001). Therefore, the semaphorin III-plexin pathway suppresses 
the actin protrusion but promotes actomyosin formation which renders the semaphorin III-





Figure 1-5 Chemorepulsive model by slit-stimulated signaling pathway (Image 




Galvanotaxis, also called electrotaxis, is the cue driving the cellular movement by a gradient 
of electric field. Depending on physiological conditions, epithelial cells produce 
transepithelial potential differences in a range of a few millivolts (mV) to tens of mV 
(Mycielska and Djamgoz, 2004). Cells can use these potential differences as a guide to 
migrate towards the cathode or the anode. Cells such as bovine aortic vascular endothelial 
cells, human karatinocytes, and amphibian neural crest cells predominantly move towards 
the cathode (Cooper and Keller, 1984, Sheridan et al., 1996, Li and Kolega, 2002). However, 
some cells, such as rabbit corneal endothelial cells and human vascular endothelial cells 
move towards the anode (Chang et al., 1996, Zhao et al., 2004). Since cells are unlikely have 
exclusive cellular components to direct the galvanotatic cell movement, galvanotaxis should 
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be implicated with intracellular signaling pathways to modulate eventually cytoskeletal 
rearrangements (Mycielska and Djamgoz, 2004). 
A much studied candidate molecule to regulate galvanotaxis might be Ca
2+
. The resting 
potential of the cell membrane is negative (Figure 1-6). However, if the cell exposed to a 
direct current electric field, the region facing the anode becomes hyperpolarized resulting in 
a passive influx of Ca
2+
 (Figure 1-6). Increased [Ca
2+
] at the region of the cell facing the 
anode gives rise to the cell contraction by Ca
2+
/calmodulin-mediated myosin II regulation 
(Tansey et al., 1992) (Figure 1-6). On the other region of the cell that faces the cathode has 
relatively low [Ca
2+
] which can cause actin polymerization by releasing actin severing 
proteins at the barbed end (Onuma and Hui, 1988, Welch and Mullins, 2002) (Figure 1-6). 
Therefore, asymmetrical [Ca
2+
] in the cell consequently leads the cell to move towards the 
cathode by pushing from the cell rear by actomyosin contraction and leading by protrusion. 
This mechanism can be affected by the distribution of voltage-gated ion channels and the 
capability of cells to store Ca
2+
 (Mycielska and Djamgoz, 2004). However, a [Ca
2+
]-
dependent way and/or other proteins that regulate galvanotatic movement of cells are 




-dependent galvanotaxis (Image modified from Mycielska and Djamgoz, 
2004). (a) Resting membrane potential of a cell is negative. (b) A cell influenced by a DC 
electric field shows hyperpolarized membrane towards the anode and depolarized membrane 






1.2.3 Collective cell migration    
As a second mode of cell movement during development, cells can move in groups, termed 
as ‘collective cell migration’. Both individually and collectively migrating cells share key 
processes to promote their locomotion. These cyclical processes are polarization, protrusion 
at the leading edge of the cell, actomyosin-based contraction, and disassembled adhesions at 
the cell rear as described in the previous section (refer to 1.2.1) (Ridley et al., 2003, Rorth, 
2011). However, one major feature of collective migration differs from solitary migration is 
that cells in collective migration maintain cell-cell cohesion throughout their journey, 
thereby migrating as a single unit (Weijer, 2009, Friedl and Gilmour, 2009, Ilina and Friedl, 
2009). The cohesion between cells is achieved by adherens junction proteins such as 
cadherins, alpha-catenin, and gamma-catenin linked to actin cytoskeleton network (Meng 
and Takeichi, 2009, Vicente-Manzanares et al., 2009). These adherens junction proteins 
allow cells to be strongly connected and to efficiently communicate each other via signaling 
crosstalk throughout their directional locomotion. Another important feature of collective 
migration is that there is a leading cell(s) at the front of the group and many follower cells at 
the rear (Friedl and Gilmour, 2009, Aman and Piotrowski, 2010). The role of the tip cells is 
to sense external guidance cues and to promote cytoskeletal rearrangement in response to 
those cues (Friedl and Gilmour, 2009). Since this cytoskeletal action at the tip cells is greater 
than it at the stalk cells, the tip cells naturally lead the stalk cells (Friedl and Gilmour, 2009). 
In addition, altering surrounding ECM is also one of important features of collective 
migration. Cells in collective migration confront a relatively high mechanical constraint 
compared to individually migrating cells. Therefore, collective cells need to make an enough 
space (path) for the group to migrate through by remodeling ECM and decreasing 
mechanical resistance of surrounding tissues (Lu et al., 2011). One of ways to remodel ECM 
is degrading ECM using proteases such as metalloproteinases that are localized on the tip 
cell surface (Cawston and Young, 2010). In order to obtain the least resistance from 
surrounding ECM, the leading cells synthesize the basement membrane materials including 
laminins and type IV collagen to provide a smooth path for the following cells (Lu et al., 
2011). Therefore, these distinct features allow collective cell migration to distinguish from 
individual cell migration. 
Collective migration plays a critical role during developmental and regenerative processes. 
Evidence to support this comes from collective migration of the border cell clusters towards 
the oocyte in the Drosophila egg chamber, convergent extension of the Malpighian tubules 
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in the Drosophila, migration of the lateral line primordium to become a sensory system in 
the zebrafish, neural crest migration from the dorsal neural tube throughout the embryo in 
vertebrates, and angiogenic sprouting to form a vasculature network in vertebrates (Skaer, 
2003, Ghysen and Dambly-Chaudiere, 2007, Poukkula et al., 2011, Theveneau and Mayor, 
2012, Wimmer et al., 2012). I will discuss and focus on collective migration that underlies 
tubes because the loop of Henle, the main topic of this thesis, is a tube-based tissue with an 
inner lumen, akin to the structure of blood vessels.  
Unlike vasculogenesis, which is an initial step to form vascular networks from endothelial 
precursor cells, angiogenesis is the process that forms a new vascular tube from a pre-
existing vessel. This occurs in both cases of morphogenesis and regeneration (Woolf, 2003, 
Patan, 2004, Arima et al., 2011). Angiogenic sprouting is the first step of angiogenesis, and 
sprouting is associated with collective migration. Angiogenic sprouting is well described in 
the retina model of neonatal mice (Gerhardt et al., 2003, Uemura et al., 2006, Stahl et al., 
2010). Prior to the retinal angiogenesis, the retina is avascular and thus hypoxic. This 
hypoxia stimulates vascular endothelial growth factor (VEGF) expression (Liu et al., 1995, 
Forsythe et al., 1996). Evidence from in situ hybridization for VEGF mRNA suggests that 
VEGF expression is confined mainly to the peripheral region of the retina during its 
development (Figure 1-7) (Ng, 2008). In response to a gradient of VEGF along the radial 
axis of the retina, angiogenic sprouts emerge from a capillary ring residing at the embryonic 
retina centre and migrate towards the peripheral retina by chemoattraction (Figure 1-7) 
(Gerhardt, 2008). These angiogenic outgrowths are led by tip cells and VEGF specifies these 
tip cells. Follower cells are inhibited from being tips by Delta/Notch signaling (Figure 1-7) 
(Hellstrom et al., 2007). In this way, only tip cells can lead outgrowth (Figure 1-7). 
Following cells guided by tip cells in sprouts are termed stalk cells, and these stalk cells and 
the tip cell are bridged by vascular endothelial (VE)-cadherin (Figure 1-7) (Vestweber, 
2008). 
Unlike tip cells, stalk cells are proliferative and they form a lumen in a sprout (Figure 1-7). 
An early study using irradiation to suppress cell proliferation suggested that sprouting can 
take place in absence of cell division (Ausprunk and Folkman, 1977). This study evidently 
indicates that angiogenic sprouting is predominantly driven by the pulling force of tip cells 
rather than by pushing from stalk cells (Ausprunk and Folkman, 1977). However, a later 
finding that stalk cells generally show polarized cell division along the sprouting axis to 
support the sprout elongation highlights the importance of proliferation during migration 
(Zeng et al., 2007). 
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In addition, tip cells produce filopodial protrusions whilst stalks do not (Gerhardt et al., 
2003). Multiple filopodial protrusions and their orientation towards the source of VEGF in 
the tip cell are also stimulated by VEGF (Gerhardt et al., 2003). This is supported by 
demonstrating co-localization of vascular endothelial growth factor receptor 2 (VEGFR2 or 
Flk-1) in both the body of tip cells and their filopodia (Gerhardt et al., 2003). 
Once the retina is sufficiently vascularized, blood that comes through new vessels provides 
oxygen giving rise to down-regulation of VEGF expression thereby ceasing sprouting 
angiogenesis (Liu et al., 1995, Forsythe et al., 1996). 
 
 
Figure 1-7 Collective migration in the retinal angiogenic sprouting (Image adapted and 
modifed from Rorth, 2009, Aman and Piotrowski, 2010). A low power view depicts 
mouse retinal angiogenesis from P0 to P8. Blue indicates a gradient of VEGF and red 
indicates angiogenic vasculatures. A high power view depicts in detail how the sprout forms 
by collective migration.   
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An additional example of tubular collective migration is convergent extension of the 
Malpighian tubule elongation in the Drosophila. The Malpighian tubules are the excretory 
system in the Drosophila akin to the mammalian renal tubules (Skaer, 2003). There are two 
pairs of the Malpighian tubules in the Drosophila; two anterior tubules and two posterior 
tubules (Figure 1-8). I will mainly discuss the development of those anterior looped-tubules 
due to their morphological resemblance to the shape of the Henle’s loop (Figure 1-8). 
 
Figure 1-8 An illustration of the Malpighian tubules in the Drosophila (Image adopted 
from Singh et al., 2007).  
 
In the Drosophila, the Malpighian tubules originate from the hindgut primordium sprouting 
as four anlage buds (reviewed in Skaer, 2003, Weavers and Skaer, 2013). These anterior 
buds then grow to form tubes by their tip cells expressing EGF to stimulate cell division of 
neighboring cells (Sudarsan et al., 2002, Jung et al., 2005). This tip cell-regulated tube 
growth is somewhat analogous to it of the angiogenic sprouting (Figure 1-7). After 
completion of cell division in the tubules, they commence to lengthen and to become 
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narrower (Skaer, 2003). The tip cell anchorage of the anterior tubule to the alary muscle 
renders the middle of the looped tubule moving forward (Figure 1-9) (Weavers and Skaer, 
2013). The loop extends towards the region where Decapentapegic (Dpp) resides and it 
consequently reaches its invariant destination in the gastric caeca closely located to the 
ventral nerve cord (Figure 1-9) (Skaer, 2003, Weavers and Skaer, 2013).   
 
 
Figure 1-9 Convergent extension of the Malpighian anterior tubule (Image adopted 
from Weavers and Skaer, 2013). An anterior tubule (blue) lengthens during the Drosophila 
embryonic stage 13 to 16. (A-B) Since the tip cell at the distal end of the tubule is anchored 
to the alary muscle, the tubule becomes looped and the middle of the tubule navigates in 
response to Dpp (pink) guidance cues. (C-D) The tubule consequently reaches the gastric 
caeca at stage 16 (le; leading edge, mg; midgut, hg; hindgut, ams; alary muscles. VNC; 
ventral nerve cord, gc; gastric caeca). 
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In this section and the previous sections, I have briefly reviewed mechanisms underlying 
individual cell migration and collective cell migration. For collective migration, I focused 
especially on angiogenic collective sprouting and convergent extension of the Drosophila 
Malpighian tubule to illustrate how the end and the middle of insect renal tubules navigate. 
However, how the middle of a bent tube in mammalian kidney is navigated remains to be 
determined. 
 
1.3 Overview of mammalian kidney development 
The developing kidney is a great place to study navigation of a middle region of a bent 
tubule. This bent tubule is the loop of Henle (LoH) which I will discuss in detail later. Since 
the LoH is one of many components in the kidney, I will briefly review the origin and 
general development of the kidney in this section.  
There are three different types of kidneys during mammalian renal development; two 
transient kidneys, the pronephros and the mesonephros which eventually degenerate, and the 
final permanent functional kidney, the metanephros (Figure 1-10). These kidneys originate 
from the intermediate mesoderm (nephrogenic cord), located between the paraxial somatic 
mesoderm and the lateral plate mesoderm (reviewed by Dressler, 2009). Precursors of the 
nephric duct (Wolffian duct) form from the intermediate mesoderm at near E22 in humans 
and E8.0 in mice (Vetter and Gibley, 1966, Saxén, 1987, Davidson, 2008). These precursors 
then form an epithelial tube by a mesenchymal-to-epithelial transition (MET) and the tube 
elongates caudally towards the cloaca (Figure 1-10). Molecular fate mapping in the 
embryonic mouse reveals that this later elongation of the nephric duct is driven by its cell 
migration/proliferation rather than by recruitment of new cells (Mugford et al., 2008).  
Only a few of the pronephric tubules form from the rostral region of the nephric duct, and 
the tubules and the rostral part of the nephric duct undergo apoptotic degeneration short after 
they formed (Pole et al., 2002) (Figure 1-10). While the rostral nephric duct degenerates, the 
lower part of the nephric duct remains and proliferates to form the mesonephros and the 
metanephros (Figure 1-10). 
The mouse mesonephros arises from the middle part of the nephric duct at approximately E9 
(Sainio, 2003) (Figure 1-10). In the mouse mesonephros, approximately 18 mesonephric 
tubules with proximal glomeruli form, with a morphology that resembles metanephric 
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nephrons (Vize et al., 2003, Davidson, 2008). Mesonephric tubules can be divided into 
cranial and caudal tubules based on their connection to the nephric duct (Sainio, 2003) 
(Figure 1-10). Only cranial tubules are linked to the nephric duct and the other tubules, the 
caudal tubules, are not connected to the nephric duct (Figure 1-10). Degeneration of the 
mesonephros occurs at E14.5 and almost all cranial and caudal tubules disappear within 24h 
(Smith and Mackay, 1991).   
 






The permanent functional kidney, the metanephros, begins to develop from the caudal part of 
the intermediate mesoderm when the metanephric blastema becomes demarcated at E10 in 
mice, E11 in rats, and E28 in humans (Vize et al., 2003). In response to an inductive signal 
from the metanephric mesenchyme, ureteric bud (UB) outgrowth from the nephric duct 
occurs and invades the metanephric mesenchyme at E10.5 (Figure 1-10, 1-11). The 
metanephric mesenchyme provides progenitor cells which later become the nephrons of the 
metanephric kidneys. The UB, in turn, undergoes arborization, branching repeatedly taking 
place in its tip region (terminal bifurcation) to form the collecting duct system. The UB tips 
induce metanephric mesenchyme to condense to form a cap composed of self-renewing 
mesenchymal progenitor cells, also termed ‘cap mesenchyme,’ morphologically 
distinguishable from the peripheral ‘loose’ mesenchyme (Figure 1-10, 1-11). Extensive 
studies of cell lineage tracing experiments have demonstrated that all components of the 
nephron originate from the cap mesenchyme (Herzlinger et al., 1992, Osafune et al., 2006, 
Kobayashi et al., 2008). Metanephric nephron development begins at E11.5 by forming a 
pre-tubular aggregate from the cap mesenchyme beneath the UB tips (Figure 1-11). The pre-
tubular aggregate becomes an epithelial vesicle by undergoing MET at E12.5 (Figure 1-11). 
The renal vesicle then grows to form the comma-shaped body followed by the S-shaped 
body that joins to the collecting duct (CD) (Figure 1-11). As the S-shaped body proliferates, 
the podocyte that reside in the lower cleft of the S-shape body attract angioblasts to form the 
glomerulus (Robert and Abrahamson, 2001). Linked to the glomerulus, the proximal tubule, 
the loop of Henle, and the distal tubule in sequence constitute the nephron and this nephron 




Figure 1-11 Simplified overview of metanephric nephron development (Image modified 
and redrawn from   Saxén, 1987). 
 
1.4 Guidance in the developing kidney 
The kidney has a unique and a complex structure and cell migration aids to form those 
structures. Related to the main focus of this thesis-studying the LoH navigation during 
kidney development-it is worth illustrating how the other components of the developing 
kidney develop by guidance cues. 
    
1.4.1 Guidance of the ureteric bud  
The development of the metanephric kidney begins when the ureteric bud (UB) outgrowth 
from the posterior nephric duct is induced (refer to 1.3). The UB sprouts into its nearby 
mesenchyme blastema and navigates by fine tuning of positive and negative signaling 
pathways. One of major pathways to promote UB outgrowth and branching is the glial-
derived neural growth factor (Gdnf)/Ret receptor tyrosine kinase pathway (reviewed by 
Costantini, 2010, Song et al., 2011, Little and McMahon, 2012). Gdnf is a neurotrophin that 
secreted by the metanephric mesenchyme (MM), and it is broadly expressed along the 
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nephrogenic mesenchyme by E9.5, but is restricted to the metanephric mesenchyme by 
E10.5 (Hellmich et al., 1996). Ret is the receptor for Gdnf and it is expressed along the 
nephric duct (Pachnis et al., 1993). Ret is activated by Gdnf binding to the co-receptor, Gdnf 
family receptor alpha 1 (Gfrα1) (Jing et al., 1996). These three factors play important roles in 
UB outgrowth and branching , a conclusion that is supported by a study of mutant mice 
lacking Gdnf, Ret, or Gfrα1, which show failure of UB penetration which gives rise to 
kidney agenesis (Jain, 2009).  
There are molecules that act as regulators of the Gdnf/Ret signaling for the normal UB 
outgrowth, as sprouting angiogenesis is mediated by regulations including site-specific 
selection and suppressing its surroundings for the sprouting (refer to 1.2.3). Bone marrow 
protein-4 (Bmp-4) is one of them, that is absent in the MM but present in the mesenchyme 
enveloping the nephric duct. It down-regulates Gdnf/Ret signaling (Obara-Ishihara et al., 
1999, Costantini, 2010). Since Bmp-4 is inhibited by the MM-expressed gremlin, only a 
confined region of the nephric duct adjacent to the MM is allowed to respond to Gdnf/Ret 
(Michos et al., 2007). Slit2/Robo2 signaling also contributes to correct UB guidance towards 
the MM through restricting Gdnf expression posteriorly (Grieshammer et al., 2004). In 
addition, sprouty homolog 1 (Spry1), a receptor tyrosine kinase (RTK) antagonist, acts as an 
intracellular regulator to prevent ectopic outgrowth of the UB by inhibition of Ret (Basson et 
al., 2006, Basson et al., 2005). Under control of these factors to the Gdnf/Ret signaling, a 
single UB from the posterior nephric duct will sprout towards the MM. 
Although the mechanisms that link between activation of Ret to the UB outgrowth and 
penetration into the MM are not fully understood, there are several pieces of evidence that 
UB outgrowth is mediated in part by chemotactic cell migration. As discussed previously, 
PI3K promotes lamellipodia and filopodia by actin polymerization at the leading edge of 
migrating cells (refer to 1.2.2.4). Tang et al. demonstrated Gdnf as a chemotactic agent in 
terms of promoting lamellipodia, filopodia extension and cell motility in Ret-positive 
MDCK renal epithelial cells in response to a localized Gdnf (Tang et al., 1998). Later, they 
also reported that PI3K activity was elevated when Gdnf is added to Ret-expressing MDCK 
cells whilst specific inhibition of PI3K resulted in blocking both chemotactic MDCK cell 
migration and the Gdnf-sensitive outgrowth of the UB in organ culture (Tang et al., 2002). 
Opposite to the role of PI3K at the cell leading edge, PTEN aids chemotactic migration by 
inhibiting PI3K at the lateral and rear of the migrating cell (refer to 1.2.2.4). The study 
performed by Kim and Dressler reported that loss of PTEN resulted in chemotactic migration 
defects in MDCK cells and irregular UB branching in organ cultures (Kim and Dressler, 
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2007). These findings suggest that the factors (PI3K and PTEN), that promote directional 
cell migration in Dictyostelium, may also play a critical role in UB migration.  
After UB outgrowth towards the MM, the UB undergoes repetitive bi- or trifurcated 
branching steps and UB branching is also partly mediated by directional cell migration under 
the Gdnf/Ret signaling. During the UB branching, Ret is restrictedly localized at the UB 
branch tip by a positive feedback loop via Wnt11 (Pepicelli et al., 1997, Majumdar et al., 
2003). The coordination of Wnt11 and the Gdnf/Ret signaling also plays a role in retaining 
the proper level of Gdnf expression from the cap mesenchyme, thereby resulting in the UB 
tip growth towards the cap mesenchyme (Pepicelli et al., 1997, Majumdar et al., 2003). 
As discussed before, the actin skeletal network produced by actin polymerization and de-
polymerization critically mediates directional cell migration (refer 1.2.1). There was a study 
that double mutation of cofilin and destrin, the actin depolymerizing proteins, in the UB 
causes a cell migration defect and thereby resulting in abnormal UB branching and also 
complete kidney malformation (Kuure et al., 2010). 
Collectively, these studies highlight that correct and elaborate guidance cues play a crucial 
role in the outgrowth of the UB from the nephric duct towards the nearby MM and in UB 
branching morphogenesis.  
 
1.4.2 Guidance of blood vessels 
One of main functions of the kidney is filtering blood, so the adult mammalian kidney must 
be vascularized. In fact, approximately 20% of the cardiac output flows into the kidney 
suggesting the importance of the renal vascularization (reviewed in Woolf, 2003). Therefore, 
guiding blood vessels towards their correct and final destination is an essential process for 
normal renal vascularization. In this section, I will discuss some of the major blood vessel-
guiding events that occur in the kidney. Prior to this, it is necessary to discuss how the 
developing kidney receives with vascularization. 
Compared to studies of the renal vessel development in humans that are merely descriptive, 
for obvious reasons, the mouse is a useful model to address stage-based renal vascularization 
since in vivo and ex vivo manipulations are allowed in the mouse model (reviewed in Woolf, 
2003). As described in the previous section 1.3, when the UB invades the nearby MM by 
E11, capillaries originating from the dorsal aorta appear to encompass the avascular 
metanephric kidney (reviewed in Woolf and Yuan, 2001, Abrahamson, 2009). As the UB 
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undergoes several branching steps, capillaries are found to be localized near the stalk of the 
UB in the hilum and are also dispersed loosely in the MM at E12. In turn, when 
nephrogenesis takes place beneath the UB tip, displaying serial primitive nephron structures 
composed of the renal vesicle, the comma-shape body, and the S-shape body (refer to 1.3), 
scattered endothelial cells and angioblasts (endothelial precursors) are recruited to the lower 
cleft of the S-shape body to become later the mature glomerulus. From E14, the capillaries 
that formed around the UB stalk at the hilum develop into renal arteries which cross from the 
hilum to the corticomedullary junction. They form arterial branches at their ends which link 
to afferent glomerular capillaries (Woolf and Yuan, 2001, Woolf, 2003). After E15, as both 
nephrons and capillaries mature, the descending and ascending loops of Henle become 
associated with the descending and ascending vasa recta at the medulla (Woolf and Yuan, 
2001, Woolf, 2003).     
Guidance of blood capillaries or endothelial cells is mediated by several growth factors 
during renal vascularization. As discussed above, endothelial cells that are scattered in the 
MM need to be guided to the vascular cleft of primitive nephrons. Well-characterized growth 
factors and their receptors can in part mediate this guiding event. Vascular endothelial 
growth factor (VEGF) is a well-known chemoattractant for endothelial cells, and Flt-1 and 
Flk-1 are receptor tyrosine kinases for VEGF (Gerhardt, 2008, Song et al., 2011). VEGF is 
predominantly expressed by podocytes, distal tubules, and collecting ducts, and Flt-1 and 
Flk-1 are expressed by glomerular endothelial cells in developing and mature kidneys 
(Breier et al., 1992, Kitamoto et al., 1997, Baderca et al., 2006). Therefore, Flk-1-positive 
endothelial cells navigate towards the S-shape cleft (the vascular cleft) in response to 
podocyte-secreted VEGF (Robert et al., 1998). In addition to Flt-1 and Flk-1, neuropilin-1, 
which was previously described as a semaphorin III-triggered repellent in axon guidance 
(refer to 1.2.2.4), is also found to bind VEGF (Soker et al., 1998). The ex vivo study 
performed by Soker et al. reported that cells co-expressing neuropilin-1 and Flk-1 showed 
increased binding to VEGF and stronger chemotaxis than cells only expressing Flk-1 did 
(Soker et al., 1998). This suggests that neuropilin-1 is a regulator of endothelial migration 
through modulating VEGF/Flk-1 binding. 
Another growth factor family implicated with blood vessel guidance during renal 
development might be the angiopoietins. A vascular growth factor family, the angiopoietins 
include angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2) (Woolf et al., 2009, Woolf, 
2010). Ang-1 binds to tyrosine kinase with immunoglobulin-like loops and epidermal growth 
factor homology domain 2 (Tie-2). Ang-2 is also a ligand for Tie-2 but it is a natural 
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inhibitor for Ang-1-activated Tie-2 (Maisonpierre et al., 1997). In mouse kidney, Ang-1 is 
expressed by the condensed mesenchyme, the glomerulus, the proximal tubule and the outer 
medullary tubule at E18-P3, and Ang-2 is expressed by the outer medullary tubule at E18-P1 
and later at P3, it is restrictedly expressed by the vasa recta (Yuan et al., 1999). Tie-2 is 
expressed by the interstitial capillaries at E18-P1, and at P3 it is localized in the glomerulus 
and the vasa recta (Yuan et al., 1999). These expression patterns in the kidney imply that the 
role of angiopoietins is mainly maturing and stabilizing renovascularisation (Woolf et al., 
2009). In addition, the ex vivo study demonstrated that not Ang-2 but Ang-1 induce 
chemotactic motility of endothelial cells although neither Ang-1 nor Ang-2 evokes a 
proliferative effect (Witzenbichler et al., 1998). This can be supportive evidence for Ang-1 
acting as a guidance cue during maturation of renovascularisation such as the formation of 
the vasa recta.  
 
1.5 The loop of Henle 
Whilst there are a number of studies that describe how the end of a tube navigates and grows 
as discussed previously (section 1.2.3), how the apex of the bent tube is guided is largely 
unknown. The kidney is a great place to investigate this since one of components in the 
nephron, the loop of Henle (LoH) has a fine U-shape. In this section, I will describe the 
origin and morphological features of the LoH followed by its structure-associated function in 
the kidney.   
1.5.1 Origin and anatomy of Henle’s loop 
As briefly reviewed in section 1.3, the nephron originates from the cap mesenchyme 
surrounding the UB tip and the cap mesenchyme undergoes the mesenchymal-to-epithelial 
transition (MET) induced by Wnt signaling, thereby forming the renal vesicle (RV) (Carroll 
et al., 2005). To date, a number of genes that are expressed along the polarized axis of the 
nephron (the proximal-distal axis) are found in the RV (Georgas et al., 2009). For instance, 
genes that are restrictedly expressed in the distal region of the RV include Lhx1, Dll1, Brn1, 
cadherin1, Dkk1, Jag1, and Bmp2 (Cho et al., 1998, Nakai et al., 2003, Kobayashi et al., 
2005, Georgas et al., 2009). Since a study of the Brn1 mutant mouse resulted in defects of 
the distal tubule and the LoH, the LoH is in part considered as one of the distal region 
derivatives of the RV (Nakai et al., 2003). The other region, the proximal part of the RV, 
expresses genes including cadherin6 and Wt1 (Cho et al., 1998, Georgas et al., 2009). As the 
RV morphologically transforms into a comma-shape followed by an S-shape the polarity 
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becomes morphologically evident. Pax-2 and Pax-8 are known to regulate this transition 
(polarization) from the RV to the S-shape body (Narlis et al., 2007). In addition, in vivo and 
ex vivo studies by Cheng et al. reported that Notch signaling affects the proximal-distal axis 
pattern between the RV and the S-shape body, thereby later regulating the differentiation of 
the podocyte, the proximal tubule, and the LoH (Cheng et al., 2007, Cheng et al., 2003). A 
recent study also reported that Rho-kinase is essentially required for the proximal-distal 
polarity during the nephron development (Lindstrom et al., 2013). As the S-shaped body 
proliferates, the lower cleft of it becomes the glomerulus, including the podocyte, the 
mesangial precursor cells, and the endothelial cells (Quaggin and Kreidberg, 2008). The 
other end, the distal end is connected to the ureteric bud, but it is not completely clear to 
define a border between the distal end of the S-shaped body epithelium and the ureteric bud 
(Cho, 2003). Proximal tubule precursors reside in the middle of those two ends of the S-
shaped body. As proliferated, the proximal tubule becomes convoluted and it leads to the 
long tubule which descends into the medulla and ascends back (Figure 1-10) (Cho, 2003). 
Finally, this ascending limb is connected to the collecting duct through the convoluted distal 
tubule (Figure 1-12).   
The LoH is the middle segment of the nephron and links the proximal and the distal tubule. 
According to the morphological distinction and the level in the medulla of the LoH, LoH can 
be classified into ‘short LoH’ and ‘long LoH’ (Figure 1-12) (Kriz and Bankir, 1988, 
Hallgrimsson, 2003). Short LoH are found in nephrons that commence to form in the outer- 
or the mid-cortex and the bend of a short LoH appears not to go deeper than the outer 
medulla (Figure 1-12). In addition, a short LoH has a relatively short thin limb compared to 
the long LoH (Figure 1-12). The long LoH arises from the nephron that begins to form in the 
juxtamedullary zone (Figure 1-12). The long LoH is distinguished from the short LoH by its 
extended thin limbs and the localization of its bend in the inner medulla (Figure 1-12). Since 
the long LoH has relatively longer thin limbs than the short LoH, the long LoH comprises 
the descending thin limb, the ascending thin limb, and the ascending thick limb (Figure 1-
12). The transition between the proximal tubule and the thin limb appears abrupt in both 
short- and long-LoH. Proportions of the long LoH among the total number of the LoH in 
various species are 15% in humans, 18% in mice, 30% in rats, 66% in rabbits, 100% in dogs 
(Kriz, 1967, Kaissling and Kriz, 1979, Bulger et al., 1979, Hallgrimsson, 2003, Zhai et al., 
2006). Regarding structural-functional correlation of the LoH in the kidney, those diverse 
ratios in different species might reflect their different capability in concentrating urine (Zhai 






Figure 1-12 Description of a long- and short-loop of Henle (LoH) in mouse kidney 
(modified from Zhai et al., 2006). The long LoH originates from the juxtamedullary cortex 
and has its bend located in the inner medulla. The long LoH consists of a thin ascending limb, 
a thin descending limb, and a thick ascending limb. The short LoH begins to form from the 
superficial cortex and to have a bend in the outer medulla. The thin descending limb in the 
short LoH is short. Gm: glomerulus, CD: collecting duct. 
 
1.5.2 Function of Henle’s loop 
The kidney is an organ that filters and reprocesses body fluids. Since those processes are 
highly complicated, it cannot simply be explained as a ‘biological sieve’. Among many roles 
of the kidney such as regulating blood pressure and maintaining calcium levels, major roles 
are to filter unwanted components and reabsorb useful components from body fluids. 
Under general circumstances, mammals take in more proteins than they actually require for 
the use in anabolic processes and thus nitrogen waste from those proteins would accumulate. 
Mammals excrete approximately 90% of this nitrogen waste as urea though the kidney 
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(Fenton and Knepper, 2007). Therefore, urea and other toxic wastes from the blood must be 
filtered and excreted as urine. There are several steps to produce concentrated urine and the 
LoH plays a principal role in reabsorbing water from urine by building up a hypertonic 
environment in the medulla. 
When the blood flows through the afferent arteriole into the glomerulus, enclosed by the 
renal capsule (Bowman’s capsule), large components, including blood cells, antibodies, and 
most albumin are retained in the blood (Quaggin and Kreidberg, 2008). However, the filtrate, 
containing small molecules and ions, is led to the proximal convoluted tubule where 
reabsorption of useful components, including amino acids, glucose, and mineral ions, into 
the blood occurs (Christensen and Gburek, 2004). In addition to useful proteins and ions, 
water is reabsorbed into the blood by passive transport (osmosis). 
Subsequently, the filtrate enters the first portion of the LoH, the descending limb of LoH. 
The descending limb is permeable to water and less permeable to ions (mainly NaCl) (Figure 
1-13) (Zhai et al., 2007). In order for the isotonic filtrate, that passes through the descending 
limb, to equilibrate the hypertonic medullary interstitium, water leaves the filtrate and is 
finally reabsorbed into the vasa recta, the countercurrent exchanger (Pallone et al., 2003). In 
this way, the medullary interstitium is still hypertonic and water is persevered. The filtrate 
that flows via the bend of LoH is the most concentrated so when the filtrate passes through 
the thin ascending limb of LoH, some of NaCl passively diffuses from the filtrate into the 
interstitium (Figure 1-13) (Pannabecker, 2012). The thick ascending limb does not have 
permeability to water since it lacks water channels (Nielsen et al., 2002). However, the thick 
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Figure 1-13 Urinary concentrating mechanism of the loop of Henle and the collecting 
duct (modified and redrawn from Sands, 2012).  
 





takes place, that is mediated by active transport, from the blood into the distal 
convoluted tubule to maintain pH and salt homeostasis respectively (Reilly and Ellison, 
2000). 
Finally, as the filtrate descends through the collecting duct, water is recovered into the 
hypertonic medullary interstitium (Figure 1-13). Here, water diffuses through aquaporins in 
the collecting duct walls and these channels are controlled by the antidiuretic hormone (ADH) 
(Nielsen et al., 1995). Accumulated water in the interstitium is immediately reabsorbed by 
the countercurrent exchange of the vasa recta, so high tonicity in the medulla retains (Pallone 
et al., 2003). Since water leaves from the filtrate in the collecting duct, the filtrate (urine) 
becomes highly concentrated. This leads to diffusion of urea from the collecting duct into the 
medullary interstitium that also contribute to the hypertonic medulla (Figure 1-13) (Sands et 
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al., 2011). Urea in the interstitium is recycled by diffusing into the thin descending and 
mainly into the thin ascending limb (Sands and Layton, 2009). 
Overall, the essential function of preserving water and concentrating urine in the kidney is, 
in part, closely correlated with the distinct anatomy of the LoH. Specifically, the hairpin 
structure of thin- and thick limbs of LoH in the medulla seems to be major components for 
generating the hypertonic medullary interstitium. However, to date, no study has focused on 
how the LoH, a bent tubule, ends up in the medulla.   
 
 
1.6 Aims of this thesis 
I aim to investigate how the loop of Henle (LoH) navigates towards its destination, the 
medulla, during mouse kidney development. The question arose from two important points 
that underlie tissue navigation mechanisms and the functional and anatomical importance of 
the LoH in the kidney. As described previously, there are a number of studies that describe 
how the end of a complete tube is navigated; for instance, angiogenic sprouting. However, it 
is almost completely unknown how the middle of a bent tube is guided. From renal 
anatomical and functional perspectives, the morphological feature of the LoH plays an 
essential role during kidney development. However, whilst there are many studies that seem 
to focus on the LoH structure in a descriptive way, the mechanism to produce the structure 
and arrangement of the LoH in the kidney has not been studied. Therefore, I aim to study 
guidance of the LoH during mouse renal development and my specific aims are as follows:  
First, to study the natural anatomy and arrangment of the LoH during development. 
Second, to develop an appropriate culture system to study LoH orientation. 
Third, to investigate possible guidance cues pertinent to the LoH by experimental 
manipulation. 








2.1 Mouse strains 
Pregnant CD1 mice were raised, mated, and sacrificed according to a Schedule 1 method 
(Animal Scientific Procedures Act 1986) by the home office-licensed facility, BRR-HRB, 
George Square, Edinburgh, EH8 9XD. 
 
2.2 Dissection of embryonic kidneys 
E11.5 kidneys were harvested from CD1 mice under a microscope (Zeiss Stemi-2000) as 
described in Davies (Davies, 2010). The finding of the vaginal plug in the morning was 
considered as E0.5. An embryo was beheaded, the tail was cut and all the remaining body 
part was cut in a half along the spinal cord, exposing left and right kidneys. Cutting was 
carried out using 25-gauge needles in Eagle’s Minimum Essential Medium (MEM) (M5650; 
Sigma). A kidney is located in a region near the Wolffian duct at the level of the hind-limb 
bud (Figure 2-1) (Davies, 2010). Other stages of embryonic kidneys were also isolated in a 
similar manner as described above. 
 
Figure 2-1 Location of E11.5 kidney in the kidney rudiment (Image adopted and 
modified from Davies, 2010).  
 
2.3 Dissection of embryonic spinal cord    
The spinal cord was obtained from E11.5 embryos. For spinal cord isolation, the dorsal 
region of the trunk was kept and other parts including a head, viscera, and tail were removed 
by needles. Due to the conspicuous size of the spinal cord, its dorsal part can easily be 
isolated after opening the canal of the spinal cord. The isolated spinal cord was cut in pieces 




2.4 Tissue culture methods 
2.4.1 Conventional (Saxén-style) culture 
In the Saxén system, the isolated kidney was placed on a 5µm pore polycarbonate membrane 
filter (Millipore) supported by a metal grid. The set of kidney-filter-grid was located in a 35 
× 10 mm culture dish (627160; CELLSTAR). The kidney was incubated at the surface of 
culture medium (KCM) consisting MEM supplemented with 10% foetal bovine serum (FBS) 
(10108165; Invitrogen) and 1% penicillin/streptomycin (P4333; Sigma). The medium was 
changed every 2 days. 
 
2.4.2 Low-volume (LV) culture 
The low-volume (LV) system was performed by modifying protocols described in Sebinger 
et al. (Sebinger et al., 2010). Kidneys were grown in a thin film of medium surrounded by a 
silicone ring (flexiPERM Cone shape A; SARSTEDT). 
For glass preparation, microscope slide glasses were cut to 2 cm width by a glass cutter and 
pieces were washed in 1M HCl for no less than 1h followed by distilled water. They were 
then oven-dried at 70°C for 20 min. The acid washing step was not only for sterilising the 
glass, but also for increasing their roughness to make cells easily attach. 
Silicone rings were submerged in plenty of distilled water and autoclaved and oven-dried at 
70°C for 20 min. By repeating these steps, rings were reusable. The bottom of rings is 
naturally adhesive to glass. A ring was stuck to a piece of glass, and the set of ring-glass 
piece was placed on a lid of a small petri dish (35 × 10 mm) (Figure 2-2). To preventing 
quick drying out of medium, PBS including 1% penicillin/streptomycin was filled in the 
surrounding area of the lid (Figure 2-2). 
A freshly dissected kidney was located in the centre of the ring within KCM confined 
(Figure 2-2). The KCM volume used in the LV system was 82 µl for the initial 2 days and, 




Figure 2-2 Schematic description of modified low-volume system (Image modified and 
redrawn from Sebinger et al., 2010). 
 
 
2.5 Drug treatments 
For cyclopamine treatment, E11.5 kidneys were pre-incubated in the LV system as described 
in the section 2.4.2. E11.5 + 7d kidneys were cultured in KCM supplemented with 5µM 
cyclopamine (Sigma) for 3 days. The concentration of cyclopamine was determined by a 
previous study (Taipale et al., 2000).   
For sodium chlorate (NaClO3) treatment in cultures, E11.5 kidneys were also pre-incubated 
in the LV system for 4 days followed by being 30 mM sodium chlorate (AnalaR) in KCM 
for 5 days. This concentration was based on a previous study (Davies et al., 1995).  
 
2.6 Reaggregate culture in the Saxén system followed by the Low-
volume system  
2.6.1 Isolation of a ureteric bud cyst from kidney reaggregates (Step1) 
Kidney reaggregates were obtained by following the methods described above and in 
Unbekandt and Davies (Unbekandt and Davies, 2010).  Freshly isolated 7 kidneys (E11.5) 
were dissociated by enzymes (1x trypsin/EDTA in PBS) (T4174; Sigma) for 3 min at 37°C 
followed by being quenched in KCM for 10 min at 37°C in a 500µl tube.  After gentle 
pipetting, dissociated renal cells were filtered through a 40 µm cell strainer (352340; BD 
Falcon) and centrifuged at 3,000 rpm for 2 min. A reaggregated cell clump (pellet) was then 
gently detached from the tube and transferred to a filter in the Saxén system using a glass 
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pipette. The ROCK inhibitor (1.25µM glycyl-H1152-dihydrochloride) (Tocris) was added to 
KCM for the first 24h and, afterwards, the medium was changed with inhibitor-free KCM. 
After 3-4 days of incubation in the Saxén system, ureteric bud cysts (UC) were verified by 
their round shape and lumen, and isolated by manual dissection using needles (Figure 2-3).  
 
Figure 2-3 A ureteric bud cyst (UC) isolated from a renal reaggregate. The scale bar = 
250 µm. 
 
2.6.2 Making metanephric mesenchyme reaggregates (Step 2) 
Metanephric mesenchyme (MM) reaggregates were produced as described by Ganeva et al. 
(Ganeva et al., 2011). To obtain MM reaggregates, 10 to 15 kidneys (E11.5) were isolated as 
described in the section 2.2. The kidneys were then dissociated by 2x Trypsin/EDTA in 
MEM for 2min at 37°C and placed in KCM for quenching. The MM were isolated from the 
ureteric bud and collected in a 500µl tube. The MM were dissociated by gentle pipetting and 
reaggregated by centrifugation at 3,000 rpm for 2min. The MM pellet was gently detached 
from the tube by a 200 µl pipette and transferred to a filter in the Saxén system.     
 
2.6.3 Combination of a ureteric bud cyst and mesenchyme reaggregates 
(Step 3) 
The ureteric bud cyst (UC) and the mesenchyme reaggregates were combined and first 
incubated in the Saxén system for 1-2 days. This process was to make the UC-mesenchyme 
reaggregates complex solid enough to be cultured in LV system. After 1-2 days of incubation 
in the Saxén system, the combined culture was transferred to the LV system and cultured for 




2.7 Cut-and-paste experiments 
All cut-and-paste experiments were performed on cultured kidneys in the LV system. The 
E11.5 kidney was pre-incubated for 7 days before surgical manipulation was applied. 
In spinal cord co-culture, a piece of E11.5 spinal cord was obtained as described in section 
2.3. Then, the spinal cord was placed next to E11.5+7d kidney and incubated for 3 further 
days.  
For cut-and-paste experiments, it was possible to directly manipulate the kidney since the 
cortex and medulla regions were clearly defined (Figure 2-4). For the cut-and-paste 
experiment, a part of the cortex was removed, rotated, and pasted manually using needles. 
For the cut-only experiment, the entire medulla was removed and discarded.  
 
Figure 2-4 A bright-field image of an E11.5+7d kidney in the low-volume system. The 
scale bar = 500 µm. 
 
2.8 Immunohistochemistry 
Tissues were fixed in either 4% PFA or cold methanol for 20 min. In the low-volume (LV) 
system, the silicone rings were resistant to fixatives (methanol and 4% PFA), which allowed 
direct fixation and staining in the rings. After fixation, the tissues were rinsed in 1xPBS for 
30 min at room temperature. Primary, secondary, and conjugated antibodies used in this 
thesis are listed in Table 2-1. All antibodies were diluted in PBS. Primary antibodies were 
applied overnight at 4°C followed by being rinsed in 1xPBS for several hours. Secondary 
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antibodies were also applied overnight at 4°C. The tissues were washed in 1xPBS for a few 
hours at room temperature.  
Primary antibodies Working dilution Company (Catalogue number) 
Rabbit anti-laminin 1:100 Sigma (L9393) 
Chicken anti-laminin 1:500 Abcam (ab14055) 
Mouse anti-calbindin 1:100 Abcam (ab9481) 
Mouse anti-pan 
cytokeratin 
1:200 Sigma (C2562) 
Rabbit anti-human THP 1:100 Bioquote (bt-590) 
Rabbit anti-collagen 18α1 1:100 Sigma (SAB4503213) 
Rabbit anti-β-Tubulin III 1:100 Sigma (T2200) 
 
Secondary antibodies Working dilution Company (Catalogue number) 
Goat FITC anti-chicken 1:100 Abcam (ab97134) 
Goat TRITC anti-chicken 1:100 Abcam (ab6874) 
Goat FITC anti-mouse 1:100 Sigma (F2012) 
Goat TRITC anti-rabbit 1:100 Sigma (T6778) 
Sheep FITC anti-rabbit 1:100 CHEMICON (AB7130F) 
Horse AMCA anti-mouse 1:100 VECTOR (CI-2000) 
 
Conjugated antibody Working concentration Company (Catalogue number) 
FITC phalloidin 0.1µg/ml Sigma (P5282) 
 
Table 2-1 Lists of primary, secondary, conjugated antibodies that are used in this thesis. 
 
2.9 Mounting and imaging 
A small amount of a mounting solution (50% PBS: 50% glycerol) was used to cover the 
specimen. Small pieces of coverslips were then placed at each ends of a glass slide as spacers 
to prevent crushing of the specimen after it was covered by a long coverslip for imaging. 
Imaging was performed using a Zeiss Axiovert epifluorescence microscope.   
 
2.10 Time-lapse imaging by lumascope 
For time-lapse imaging, E11.5 kidneys were isolated from Lgr5-EGFP-ires-CreERT2 knock-
in (Lgr5-ki) embryos (kindly donated by Dr. Owen Sansom from Beaton Institute) (Barker et 
al., 2007). Lgr5-EGFP kidneys were used because Lgr5 is expressed in the thick ascending 
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limb of loop of Henle and convoluted distal tubules (Barker et al., 2012). The isolated kidney 
was set up in a low-volume culture as described in 2.3.2 and was cultured for 7 days when 
the LoH begins to form. At E11.5 + 7d, the culture was located on an in-incubator 
microscope, LumaScope (Model 500; etaluma). Images were captured every 15 min for 57 




From E14.5 to E16.5 embryos, kidneys were isolated and fixed in 4% PFA overnight at 4°C. 
After fixation, the kidneys were rinsed in 1xPBS several times, and cryoprotected in 30% 
sucrose (S9378; Sigma) in 1xPBS overnight at 4°C.  The kidneys were equilibrated in a 1:1 
mixture of 30% sucrose/PBS: OCT embedding matrix (12678646; Thermo Scientific) 
overnight at 4°C. The kidneys were embedded in the same mixture (30% sucrose/PBS/OCT) 
followed by being frozen on dry ice. The kidneys were cut at 12 µm using a Leica cryostat 
CM 3050S. Cryosections were transferred on to polysine coated slides (1255015; Fisher) and 
were air-dried for an hour. The slides were used directly for IHC or kept in a slide storage 
case filled with desiccants at -20°C. 
 
2.11.2 IHC on cryosections 
Cryosections were permeabilized in 0.1% Triton X-100 in 1xPBS (TPBS) for 20 min. 
Primary antibodies (Table 2-1) in TPBS were applied to the sections overnight at 4°C. Then, 
the sections were rinsed in TPBS at RT for 30 min. Secondary antibodies (Table 2-1) in 
TPBS were also applied overnight at 4°C followed by washing in TPBS for 30 min.  
 
2.12 Cell culture 
Cell lines that used in this thesis are raTAL (rat thick ascending limb), 6TA2, Six5N6, and 
L929. raTAL cells were kindly given by Nicholas R. Ferreri (Department of Pharmacology, 
New York Medical College, US). 
The details of isolation and characterisation of raTAL cells are described by Carroll et al. 
(Carroll et al., 2003). raTAL cells were cultured in renal epithelial basal medium (REBM) 
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(CC-3191; LONZA) supplemented with renal epithelial growth medium (REGM) (CC-4127; 
LONZA). REGM consists of rhEGF, insulin, hydrocortisone, GA-1000 (gentamycin 
sulphate and amphotericin B), FBS, epinephrine, T3 (triiodothronine), and transferrin. The 
medium was changed every 3-4 days. For raTAL cell passage, the culture medium was 
aspirated from a flask and the cells were rinsed with 1xPBS (P4417-100TAB; Sigma) to 
remove remaining culture medium. The cells were detached from the flask by adding 
1xTrypsin/EDTA (TE) (T4174; Sigma) diluted in RPMI 1640 (BE12-167F; LONZA) and 
incubated for 2-3 at 37°, 5% CO2. TE was quenched in RPMI 1640 with 10% FBS. The cells 
were centrifuged at 1,000 rpm for 5 min. The supernatant was discarded and 30% of the cells 
were re-suspended in the fresh culture medium and seeded in a new flask. 
The details of producing and maintaining 6TA2 and Six5N6 cells are described by Tai et al. 
(Tai et al., 2012). Both cell lines were cultured in DMEM-F12 (D8437; Sigma) with 10% 
FBS (10108165; Invitrogen), 1x ITS (insulin, transferrin, selenium) (I3146; Sigma), 1x 
antioxidant (A1345; Sigma), and 1x penicillin/streptomycin-glutamine mix (10378016; 




; ATCC) were cultured in MEM supplemented with 10% FBS and 1x 
p/s and the medium was changed every 3 days. Passage was performed as described above.  
 
2.13 Cell migration assay 
 
2.13.1 General protocol for cell migration assay 
The cell migration assay was performed as described in Transwell Permeable Supports 
introductions (CORNING) and Transwell Migration Assay (Science Protocols.org). 
raTAL cells were harvested by 1xTE and quenched in RPMI 1640 with 10% FBS. The cells 
were re-suspended in fresh medium and counted using a haemocytometer. An optimised 
density (3×10
4
 cells/insert) of raTAL in 300 µl of the culture medium was added to the upper 
side of a FluoroBlok insert (08772142; BD) and incubated at 37°C, 5% CO2 overnight. 
FluoroBlok (pore size; 8µm) was chosen to use since it has a fluorescence-blocking 
membrane (light between 490-700nm will be interfered from cells on the top), so 
fluorescently labelled cells from the bottom membrane can be detected. At the same time, 
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the same density of cells (6TA2, Six5N6, or L929) or 6TA2-conditioned medium was added 
to a lower 24-well plate (353504; BD) and incubated overnight. The medium volume in each 
well in the lower plate did not exceed 700 µl. The next day, the inserts were transferred into 
the plate and incubated at 37°C, 5% CO2 for 4h. 
 
2.13.2 Heparin-binding assay in 6TA2 conditioned medium 
6TA2-conditioned medium (6TA2 cond) was obtained from overnight incubation of 6TA2 
cells (3×10
4
 cells/insert) in REBM containing REGM (culture medium for raTAL).  
For Heparin-binding protein (HBP) removal from 6TA2 cond, 300 µl (Ligand density: 5 mg 
heparin/ml) of Heparin-Separopore resin (HSr) (20181013-2; bioWORLD) per well were 
washed in 1 ml of REBM (w/o serum) several times. HSr was added to 700 µl of 6TA2 cond 
and mixed by rotation overnight in 4°C cold room. The HSr-beads were centrifuged at 
1000rpm for 5 min and the supernatant was used in the migration assay. 
For the migration assay of raTAL towards HBP, HSr in 6TA2 cond experiment was repeated 
as described above. The HSr-beads were centrifuged and the supernatant was discarded. 1.5 
ml of REBM with 2.5M NaCl was mixed with the HSr-beads for 1h. The beads were 
centrifuged and the supernatant (9ml from 6 wells) was collected and transferred to a dialysis 
tube (Scientific Instrument Centre Ltd), which was prepared and rinsed in warm distilled 
water. The dialysis bag was then dialysed against an excess (100ml) of REBM overnight to 
get rid of salts. HBP were highly concentrated by removing water (8ml) after adding poly 
(ethylene oxide) powder (82110; Sigma) around the dialysis bag for 4-5h. HBP in medium 
was aspirated by a syringe and transferred to 1 ml tube. 300 µl of isolated HBP in medium 
was added to a well for a migration assay. 
 
2.13.3 Quantification of migrated cells 
Since FluoroBlok (pore size; 8µm, the largest available) did not permit trans-filter migration 
of the nuclei of raTAL cells but only cytoplasm, I decided to quantify number of pores that 
cytoplasm of raTAL cells penetrated. After the cell migration assay, inserts were rinsed in 1x 
PBS. Cells on the bottom of the insert were fixed with 4% PFA for 15min at RT. Cells were 
rinsed in 1xPBS for 10 min and permeabilised with 0.1% Triton X-100 (T8532; Sigma) in 
1xPBS (TPBS) for 5 min at RT. Then cells were stained with FITC-Phalloidin (P5282; 
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Sigma) for 1h at RT and rinsed twice in TPBS for 10 min at RT. For nuclear staining in a 
control image showing there was no migrated nuclear of cells, cells were stained with 1 in 
3000 of propidium iodide (1.0mg/ml) (P3566; Molecular Probe) for 5 min at RT and rinsed 
with TPBS for 5 min at RT. The insert was placed on a glass slide and imaged by ZEISS 
observer. D1 inverted microscope. 7 fields per each insert were captured. Pores covered by 
raTAL cytoplasm were counted by Image J Cell counter.    
 
2.14 Statistical analysis 
In order to compare the mean of two groups, a two-tailed t test was performed, and the p 
value less than 0.05 was considered as a significant difference. For analysing data from more 
than two groups, one way analysis of variance (ANOVA) was used. If the p value from one 
way ANOVA was <0.05 (statistically significant), post hoc tests were then performed. In 
case of the same sample size in each data groups, Tukey’s honest significant difference 
(HSD) post hoc test was used. If each data groups had the different sample size, Scheffe post 
hoc test was used. These statistical analyses were performed using IBM SPSS Statistics 21.  
To show the reliability of the percentage data, 95% confidence interval was used. The 
formula is t=zʹx SQR(p(1-p)/n) (z´; standard normal distribution, x; mean, SQR; square root, 



















The aim of this chapter is to make careful observation on the natural orientations of Henle’s 
loop (LoH) in developing mouse kidneys. This step was essential for later tests of how the 
LoH orientation navigates by guidance cue(s). In general, typical orientation of the LoH has 
been naturally illustrated and accepted as its alignment at the corticomedullary axis when 
matures, yet no study has been made of any quantitative measurement on the orientation of 
the developing LoH (Davidson, 2008, Dressler, 2009, Costantini and Kopan, 2010, Little and 
McMahon, 2012). Therefore, I carefully observed natural features of the LoH and quantified 
the natural arrangement of developing LoH as evidence to confirm or improve current 
knowledge of the LoH orientation. By quantification of the developing LoH orientation, I 
sought any possible pattern that might be an important step to show the possibility of being 
any cue(s) driving LoH directional growth. 
Most of details pertinent to LoH structure and development have been described in Chapter 1. 
However, it is necessary to briefly account for some important points in this section. 
The adult kidney comprises hundreds of thousands of nephrons in human and thousands of 
nephrons in mouse (Sariola, 2003). The nephron is subdivided into the glomerulus, the 
proximal tubule, the LoH, and the distal tubule. Finally, the nephron components join the 
collecting duct system via the connecting tubule. Among these, the LoH, a hair-pin shaped 
tubule, is the mid-segment that connects the proximal and the distal tubule. The LoH forms 
in the cortex and crosses the cortical-medullary boundary. This occurs in a repetitive manner; 
new nephrons (including the LoH) form repeatedly in the outer cortex during the kidney 
development. 
There are two types of nephrons (short and long) as distinguished by the location of the LoH 
bend (refer to 1.5.1). The short LoH originate from the outer cortex and have a bend in the 
outer medulla, going no deeper. The short LoH have short length of thin descending limbs. 
The long LoH begin to form from the juxtamedullary cortex. The long LoH comprise thin-
ascending limbs, thin descending limbs, and thick ascending limbs. Unlike the short LoH, 
the long LoH have their bend within the inner medulla. 
Development of the long LoH can be split into three stages (anlage, primitive, and immature) 
based on morphology and position within the mouse kidney sections (Nakai et al., 2003) 
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(Figure 3-1). All can be seen at E16.5 (Nakai et al., 2003). The anlage is the earliest stage of 
the LoH. The anlage LoH has a short U-shape and no straight limbs are distinguishable at 
this stage (Nakai et al., 2003) (Figure 3-1). The anlage LoH has a close contact with 
immature glomeruli and is located near the peripheral region of the kidney (Figure 3-1). 
Compared to the anlage LoH, the primitive LoH has a straight elongated descending and 
ascending looped tubule (Figure 3-1). From this stage, the apex of LoH starts to reach the 
medulla of the kidney (Figure 3-1). As the primitive LoH matures, it differentiates into the 
immature LoH. The immature LoH can be divided into three distinct portions: thin-limbs, 
thick-limbs and the apex (Figure 3-1). Thin epithelium, characteristics of LoH, can be 
formed in the deep medulla and even near the tip of the papilla (Huber, 1905, Neiss, 1982) 
(Figure 3-1).  
 
 
Figure 3-1 A schematic diagram showing the anlage, primitive and immature loop of 
Henle (modified from Nakai et al., 2003). The anlage LoH resides at the peripheral region 
of the kidney. No straight limbs are observed at this stage but the LoH has a close contact 
with the immature glomerulus (Gm). At the primitive LoH stage, the LoH apex begins to 
reach the medulla. A straight descending and ascending limb of the LoH are observed. As 
the primitive LoH matures into the immature LoH, some of the immature LoH appears to 
reach the papillary tip. Distinct portions of thin-limbs, thick-limbs, and the bend are 





While Nakai et al. distinguished three stages of the developing LoH from developing mouse 
kidney sections (Nakai et al., 2003), later Little et al. distinguished only two (primitive and 
immature LoH) (Little et al., 2007). Little et al. tied the anlage and primitive LoH into 
merely the primitive LoH (Little et al., 2007). Ontologically, they separated LoH 
development into a cortical (primitive) and a cortical-medullary (immature) LoH (Little et al., 
2007). Since Little et al.-style classification is more recent, and it has been used as the basis 
of the Edinburgh Mouse Atlas (www.emouseatlas.org) and of GUDMAP (www.gudmap.org) 
in describing the developing LoH, I have used their nomenclature in this chapter. 
Prior to setting up experimental methods to investigate LoH guidance, it was necessary to 
characterize morphology, marker gene expression, and timing of the U-shaped LoH 
development in vivo. This information could then be used for comparison with LoH being 
manipulated experimentally. Therefore, I first made careful observations on the 
morphological features of the LoH. Then, I assessed timing of expression of a known marker; 
Tamm-Horsfall protein (THP) (Tamm and Horsfall, 1950, Muchmore and Decker, 1985). 
Additionally, cadherin-6, also known to be expressed in the LoH and proximal tubules, was 
tested (Cho et al., 1998). Then, the timing of the LoH formation was investigated since 
knowing the timing information in vivo would be critical to determine whether it might be 
possible to study LoH guidance in an ex vivo culture system. If the LoH formed too late in 
vivo, it would be difficult to recapitulate it in an ex vivo culture system. More importantly, 
combined with timing information of the LoH and its final orientation, the question of 
whether the U-shaped tubule of the LoH orients centripetally from its beginning or forms 
randomly and then changes its arrangement can be answered. These results can then form the 












3.2.1 Characteristics of the loop of Henle in E14.5, E15.5, and E16.5 
kidneys 
In order to study morphological features of the LoH in vivo, serial stages of embryonic 
kidneys were used. Although all the distinct stages (primitive, and immature stages) of the 
LoH can be seen at E16.5 (Nakai et al., 2003), a range of E14.5 to E16.5 was chosen to 
investigate the LoH from different stages of the kidney. Transverse cryosections of kidneys 
were immunostained to reveal the LoH structure. Anti-laminin antibody was used to mark 
the general basement membrane of epithelium and anti-Tamm-Horsfall Protein (THP) 
antibody was used as a molecular marker for the LoH (Tamm and Horsfall, 1950, Pennica et 
al., 1987). The expression of THP begins from the primitive (= anlage) LoH (Nakai et al., 
2003) a little after the LoH forms. To see LoH before this, cadherin-6 was used to mark LoH, 
although cadherin-6 is also expressed by proximal tubules. However, as will be shown in this 
and the next chapters, the LoH has a unique morphology, a U-shape, which can be clearly 
defined by laminin staining.  
Primitive LoH (n=8) were observed in transverse cryosections of E14.5 kidneys (n=5) 
(Figure 3-2). The kidneys were sectioned at 12 µm thickness, but not many sections showed 
the entire morphology of the LoH. The primitive LoH has a short U-shaped structure and 
resides in the cortex having its bend orientated toward the medulla (Figure 3-2). At E14.5, 
the primitive LoH from 8 E14.5 kidneys expressed neither THP nor cadherin-6 (Figure 3-2). 
However, as described in the paragraph above, the LoH shown in Figure 3-2 were clearly 
distinguishable by the use of laminin staining which also showed the close co-localisation 











Figure 3-2 The primitive loop of Henle (LoH) from E14.5 kidneys. E14.5 kidneys (n=5) 
were cryosectioned (transversely) at 12 µm thickness and immunostained to visualise LoH. 
(a) A low-power view of laminin (general basement membrane; green) and Tamm-Horsfall 
protein (THP) (LoH; red)-stained cryosections. (a´) A high-power view of (a). THP 
expression in the LoH was absent at this stage. Gm (glomerulus), CD (collecting duct) and 
LoH are shown and indicated by the arrows. (b) A low-power view of a laminin and 
cadherin-6 stained cryosection. As alternative marker for LoH and proximal tubules, 
cadherin-6 was used. (b´) A high-power view of (b). However, cadherin-6 expression was 
only observed in the proximal tubule. The scale bar = 100 µm. 
 
 
More defined straight limbs of the immature LoH (n=9), than those shown at E14.5, were 
observed at E15.5. THP started to be expressed in the apex of the LoH from this stage of the 
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Figure 3-3 The immature loop of Henle (LoH) from E15.5 kidneys. E15.5 kidneys (n=9) 
were cryosectioned (transverse) at 12 µm thickness, and immunolabled with anti-laminin 
(general basement membrane; green) and anti-THP (loop of Henle; red) antibody. (a) THP 
expression was not detected in the low-power view. (b), (c) A high-power view of (a). THP 
expression in the LoH is indicated by arrows. The scale bar = 100 µm. 
 
 
Immature LoH from E16.5 kidneys (n=9) also showed defined straight limbs and a U-shaped 
bend (Figure 3-4). Additional primitive LoH were also observed at this stage (Figure 3-4). 
Similar to the LoH from E15.5, adluminal THP expression resided in the apex of the LoH 
(Figure 3-4). THP expression in collecting ducts, weaker than that of the LoH, was also 













Figure 3-4 The immature loop of Henle (LoH) from E16.5 kidneys. E16.5 kidneys (n=9) 
were cryosectioned (transverse) at 12 µm, and immunolabled with anti-laminin (general 
basement membrane; green) and anti-THP (loop of Henle; red) antibody. (a) A low-power 
view of E16.5 kidney cryosection. (b) A high-power view of (a). Defined U-shaped LoH 
were shown with THP expression (arrows). Collecting ducts also expressed THP weakly. 









3.2.2 The loop of Henle shows a radial orientation in developing kidneys 
Confirming a pattern of natural LoH arrangement was critical to studying and manipulating 
guidance cues of LoH in further experiments. To test whether the LoH head in a preferred 
(non-random) orientation, I quantified the angles of the LoH direction towards the kidney 
centre. In E14.5 (n=5), E15.5 (n=9), and E16.5 (n=9) kidneys, only LoH showing a clear 
apex and a U-shaped tubule were collected for directional quantification. Directions were 
recorded as an ‘error angle’, being the difference between the LoH direction and a direct line 
to the centre of the kidney. The error angles of the LoH were measured between the two 
lines (Figure 3-5). One line was extended along the LoH axis, and the other connected the 
apex of the LoH and the centre of the kidney (Figure 3-5). The centre of the kidney was 
determined by the Image J Centroid tool after designating the outline of the kidney section 
(Figure 3-5). The Centroid is the centre point of the region of interest (ROI), which is the 
outline of the kidney sections in this case, and it is determined by averaging the x and y 
coordinates of all pixels of the ROI. This computer-based approach was used in preference to 
subjective judgement about where the centre of the kidney was, to avoid inadvertent use of 
LoH convergence to bias a human’s perception of where the centre would be.  
The mean ± SEM error angles of LoH were 24.4±2.7°, 25±1.1°, and 18±0.7° from E14.5 (8 
LoH from 5 kidneys), E15.5 (15 LoH from 9 kidneys), and E16.5 (22 LoH from 9 kidneys) 
respectively (Figure 3-5). There was no significant difference of error angles of the LoH 
between different stages of the kidneys (P value = 0.43 from a one way ANOVA). (Figure 3-
5).  
To assess the properties of LoH that were orientated centripetally, I classified any LoH with 
an error angle less than 45° as a ‘centripetal LoH’. 85% of total LoH shown in sections were 












Figure 3-5 Quantification of the radial arrangement of the Henle’s loop (LoH) from 
developing kidneys. (a) A schematic drawing shows the method to quantify the error angles 
of the LoH from developing kidneys. The error angles were measured between two lines 
(one extended line that extended the axis of the LoH, and the other line connecting the apex 
of the LoH and the kidney centre as determined by the Image J Centroid). The angles were 
measured using AxioVision Rel. 4.8 software. (b) The mean ± SEM error angles from E14.5 
(8 LoH from 5 kidneys), E15.5 (15 LoH from 9 kidneys) and E16.5 (22 LoH from 9 kidneys) 
are 24.4±2.8 (E14.5), 25±1.1 (E15.5), and 18±0.7 (E16.5) respectively. Error bars indicate 
SEM. Comparisons between groups are analysed by a one way analysis (ANOVA) and the P 










Subsequently, I assessed whether LoH head centripetally from the beginning of showing 
their U-shape or whether the young U-shapes are randomly oriented and later find their way 
towards the centre. As nephrogenesis proceeded repetitively by forming new nephrons at the 
peripheral region of the cortex throughout kidney development (reviewed by Saxén, 1987, 
Little and McMahon, 2012), in addition to an error angle of each LoH, its distance from 
outline of the kidney sections was quantified (Figure 3-6). The location of the LoH was 
quantified by measuring the distance between the LoH apex and the crossing point of the 
LoH axis and the outline of the kidney section (Figure 3-6). For an objective view on the 
result, horizontal and vertical diameters were measured in each stage of kidney sections 
(Figure 3-6). This was to interpret the location of the LoH relative to the size of the kidney.  
In E14.5, all the LoH (8 LoH from 5 kidneys) were located in between 200 to 300 µm of 
distance from the outline of the kidney sections and their error angles varied from 1.41° to 
57.76° (Figure 3-6). However, a linear graph (E14.5) indicated that the LoH closer to the 
outer region of the kidney (newly formed) appeared to orient more centripetally (<45°) (A 
positive linear relationship) (Figure 3-6). The data of E15.5 LoH (15 LoH from 9 kidneys) 
showed that most LoH oriented centripetally regardless of their location (No linear 
relationship) (Figure 3-6). At E16.5, a notable pattern was shown in their orientation. LoH 
(22 LoH from 9 kidneys) in the outer region of the kidney showed more variable orientation 
whilst the LoH located close the centre orientated more centripetally (Figure 3-6). The closer 
to the kidney centre, the more centripetally orientated were the LoH (A negative relationship) 
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Figure 3-6 Quantification of Henle’s loop orientation according to location in 
developing kidneys. (a) A schematic drawing shows the method to quantify the error angles 
and locations of the LoH in E14.5 (n=5), E15.5 (n=9), and E16.5 (n=9) kidney. The error 
angle was measured between one line crossing the LoH axis and the other line connecting 
the LoH apex and the kidney centre. The location of the LoH was measured by the distance 
between the LoH apex and a crossing point (the LoH axis and the outline of the kidney). (b, 
c, d) Mean ± SEM of horizontal and vertical diameters of E14.5 (b), E15.5 (c), and E16.5 (d) 
kidney sections were measured using AxioVision Rel. 4.8 software to compare locations of 
the LoH independently in each kidney stage. The error angles and locations of LoH in each 
stage of E14.5 (b), E15.5 (c), and E16.5 (d) are plotted in scatter charts. Correlation 
Coefficient (r) between distance and error angles in each groups are 0.62 (b), 0.005 (c), and -
0.67 (d) and these are calculated in Excel (r value between +0.50 and +0.70 is considered as 
a moderate uphill (positive) linear relationship, between -0.50 and -0.70 is considered as a 
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One issue might arise from interpreting the result shown in Figure 3-6. For instance, when 
two different LoH aligned in the same axis but at different proximity to the kidney centre, an 
error angle from the LoH (closer to the centre) would be bigger than one from the other LoH 
(farther to the centre) (Figure 3-7). This effect might give rise to incorrect interpretation of 
the LoH arrangement along their location in the kidney. To avoid this problem, I additionally 
quantified ‘absolute error’ of each LoH (Figure 3-7). The absolute error is the distance 
between the kidney centre and the point where the extended line of the LoH axis meets the 
perpendicular line crossing the kidney centre (Figure 3-7). The absolute error (α) was 
obtained by the formula; α = sin(error angle) × distance (between the LoH apex and the 
kidney centre). Therefore, the smaller the absolute error is close to 0, the more the LoH were 
centripetally orientated (Figure 3-7). 
The absolute error from the LoH in each stage of the kidneys (E14.5, E15.5, and E16.5) also 
plotted according to the LoH location from the kidney edge as well as the kidney centre as 
shown in Figure 3-6 (Figure 3-7). The data still showed the pattern that the closer the LoH 
are to the kidney centre (or away from the kidney edge), the more obviously the LoH are 

















Figure 3-7 Absolute errors of the Henle’s loop orientation along their location in 
developing kidneys. (a) A drawing illustrates that inaccurate interpretation can arise from 
the error angles. Although two LoH are in the same axis, the error angle (x´) from the LoH 
closer to the centre is bigger than the error angle (x) from the LoH farther from the centre. 
To avoid this, I quantified the absolute error (α) to the kidney centre that shows an unbiased 
value if the LoH align in the same axis. The absolute error (α) was obtained by the formula; 
α = sin(error angle) × d (distance between the LoH apex and the kidney centre). (b) The 
absolute error of each LoH was plotted along the distance from the kidney edge (de). (c)  
The absolute error was also plotted according to the distance from the kidney centre (dc). 
The distance and angles was measured using AxioVision Rel. 4.8 software. Correlation 
Coefficient (r) between distance and absolute errors in (b) and (c) are -0.44 and 0.72 
respectively. These are calculated in Excel (r value between +0.70 and +1.00 is considered as 
a strong uphill (positive) linear relationship, between -0.30 and -0.50 is considered as a weak 








Correlation Coefficient (r) =0.72, 
 A positive relationship 
Correlation Coefficient (r) 
 =-0.44, 




3.3 Chapter discussion 
 
3.3.1 Characterization of Henle’s loop 
Features of the LoH in the developing kidney have been observed in this chapter. 
Morphological characteristics of the LoH in vivo were assessed by cryosectioning and 
immunostaining of the serial stages of kidney development. From the results using 
THP/Umod as LoH markers, it was noted that there were some THP-negative primitive LoH. 
Those non THP-expressing LoH might be newly formed LoH even before the anlage stage 
since Nakai et al. mentioned that THP is initially expressed in the anlage LoH (Nakai et al., 
2003). Therefore, I propose extra stages of the anlage LoH; type a anlage (THP-negative) 
and type b anlage (THP-positive).  
The absence of THP/Umod expression in E14.5 LoH from the result also corresponded with 
the microarray expression profile from the GUDMAP (GenitoUrinary Developmental 
Molecular Anatomy Project) database www.gudmap.org (McMahon et al., 2008, Harding et 
al., 2011). The expression profile is displayed by heatmap (red; If the log2 RMA (robust-
array average) values are bigger than the median value of each row, blue; If the values are 
smaller than the median value, black; if the values are close to the median) 
(www.gudmap.org). Although the expression profile of E14.5 was gained from whole organ 
(kidney) excision and of E15.5 was gained by laser captured from LoH (www.gudmap.org), 
the heatmap showed that the Umod expression at E14.5 (black) is weaker than E15.5 (red) 
(Figure 3-8). This was indirectly comparable although E14.5 profile gained the values from 
whole kidney which is still weaker than E15.5 profile gained from the LoH (Figure 3-8). 
This also suggests that the use of the marker gene (THP) cannot be an absolute marker for 
demonstrating the LoH of developing kidneys. Therefore, the unique morphology of the LoH 
by anti-laminin staining would be mostly employed to show the LoH. THP and Cadherin6 







Figure 3-8 Umod microarray expression profile from GUDMAP database (The profile 
heat map was captured and modified from www.gudmap.org; E14.5 data are originally 
from Andrew P McMahon’s group, E15.5 data are from Steve Potter’s group). The 
THP (Umod) expression profile is displayed by heatmap (red; If the log2 RMA (robust-array 
average) values are bigger than the media value of each row, black; If the values are close 
the media value of each row, blue; If the values are smaller than the media value of each 
row). The Umod expression (black) of E14.5 is achieved by whole organ excision and the 




3.3.2 The loop of Henle shows increasing centripetal orientation while 
maturing  
Subsequent to study morphological and molecular properties of the developing LoH, I 
quantified the LoH orientation in the kidney. I began with quantifying and comparing the 
LoH orientation by measuring the mean error angle from each stage (E14.5 to E16.5). The 
result shows that most of the LoH orientated centripetally and there was no significant 
difference of the mean error angles of the LoH between different stages of kidneys. 
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In order to find any pattern of the LoH orientation whether the LoH initially forms 
centripetal orientation or they initially head randomly and steer to the kidney centre, the error 
angles as well as the absolute errors of the LoH according to their location in the kidney 
were plotted. Interestingly, both the error angles and the absolute error quantification 
indicate that the LoH orientates more centripetally while they mature. This also strongly 
suggests that any guidance cue(s) might steer the LoH orientation during the kidney 
development. 
Taken together, in this chapter natural features of the LoH were characterised and assessed. 
Since the quantitative analysis on the LoH orientation suggests that study of the LoH 
guidance cue(s) may be helpful, more precise and manipulative study will be carried out on 
the LoH in an ex vivo culture system. Hence, the results from this chapter will also serve as 
criteria for further experiments.  
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4 Chapter 4 Developing an appropriate culture system to 





























The anatomy of natural development of the loop of Henle (LoH) in embryonic kidneys in 
vivo was described in Chapter 3. There was a stereotyped (centripetal) arrangement of LoH 
along the corticomedullary axis. The next question is how the LoH elongates towards the 
deep medulla and what guidance cue(s) it follows. This question seems not to have been 
investigated. An answer should expand our understanding of nephron development. 
To answer the above question, setting up a reliable technique to study the LoH was essential. 
I chose to use an ex vivo culture system to investigate the LoH, as imaging and manipulating 
the LoH in the culture would be much easier compared to the LoH in vivo. A reliable culture 
system therefore needed to be established to achieve well-developed LoH. The aim of this 
chapter is to describe a new organ culture method to investigate LoH development. 
As embryonic kidneys can grow and recapitulate development of renal structures at least up 
to a point, organ culture has been widely used to study renal development (Rienhoff, 1922, 
Grobstein, 1953a, Grobstein, 1953b, Grobstein, 1956, Gluecksohn-Waelsch and Rota, 1963, 
Saxén and Lehtonen, 1987). In 1922, Reinhoff cultured little pieces from the mesonephros 
and metanephros of chick embryos (8d to 10d) in a hanging drop culture (Rienhoff, 1922). In 
the hanging drop tissue culture technique, a tissue can be inoculated into a small amount 
(drop) of culture media which placed on a culture dish lid. In this manner, the drop 
containing the tissue can be suspended by its surface tension and this allows the specimens 
grow. A different kind of the organ culture technique, a grafting technique, has been first 
used to study metanephric anlagen from 7d chick embryos by Atterbury (Atterbury, 1923). 
She dissected and grafted whole metanephric anlage on the chorioallantoic membrane (CAM) 
resulting in fine development of epithelial tubules and vascularised glomeruli (Atterbury, 
1923). Other than the CAM, various regions such as the omentum (Waterman, 1940) and the 
intraocular region (Runner, 1946) in allogeneic hosts have been used as grafting sites to 
study renal development.   
In the 1950s, Grobstein adopted Borghese’s organ culture method of mouse salivary gland to 
his E11 mouse embryonic kidney studies (Grobstein, 1953a, Grobstein, 1955, Saxén, 1987). 
Then, Saxén modified it further by using a Trowell-type screen made of stainless steel to 
support a piece of a filter (Saxén, 1962, Saxén et al., 1968, Saxén, 1987). In the Saxén 
system, the embryonic kidney is grown on the filter at the air-medium interface, and the 
early stages of development such as ureteric bud (UB) branching, and formation of comma- 
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and S-shaped nephrons, take place. LoH development is, however, hardly seen. Moreover, in 
the Saxén system, it is difficult to image specimens in bright-field due to light scatter from 
the filter. 
In 2010, Sebinger at al. presented a novel organ culture method, the so called low-volume 
(LV) culture, named after the small amount of medium that is used (Sebinger et al., 2010). 
This culture system allowed many mature tubules to form: these included ‘hairpin’ structures 
morphologically similar to LoH, and the organ showed a cortico-medullary difference 
(Sebinger et al., 2010). It also provided far higher resolution of bright field imaging, since 
the kidney is grown directly on glass. Therefore, I used this new culture method to form, 
image, and manipulate LoH. 
Optimising and improving the current LV system was essential to improve its reliability in 
generating well-developed kidneys because the reliability of the original LV system is highly 
sensitive to a medium volume. After adjustment of the culture system, I assessed the 
molecular and morphological features of the LoH by the methods described for the in vivo 
LoH (Chapter 3). For the molecular features, I investigated marker gene expression of the 
LoH in the culture system to confirm the loop-like tubules that I observed in the culture were 
indeed the LoH, rather than other parts of the nephron such as convoluted proximal or distal 
tubules. As a marker for the LoH, Tamm-Horsfall protein (THP), a known marker gene that 
is expressed in the ascending limb of the LoH, was used (Tamm and Horsfall, 1950, 
Muchmore and Decker, 1985). In addition, cadherin-6 expression, known to be localised to 
LoH and proximal tubules, was also tested (Cho et al., 1998). For visualization of the 
morphological features of the LoH, immunofluorescence for laminin was used since laminin 
localises in the basement membrane of all epithelia. 
A time-course study was performed to determine the onset of LoH formation during LV 
culture. This was necessary to ensure that any measurement and manipulation could be 
performed, in subsequent experiments, before the loops started to elongate. 
The subject of LoH elongation during renal development raises the general problem of 
guidance cue(s) for the loop. A loop initially forms in the outer region of the kidney and its 
apex appears to be reaching into the deep medulla (Kriz and Koepsell, 1974). This 
orientation of the loop seems critical and the apex mostly ends up heading towards the 
kidney centre. It might suggest that the apex extends towards the medulla by guidance cue(s). 
It might alternatively be that the apex merely remains in its original place and the other parts 
of the kidney grow away from it, such as by collecting duct (CD) expansion (Cebrian et al., 
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2004, Costantini and Kopan, 2010, Costantini, 2012) (Figure 4-1). If the latter were the case, 
there would not be guidance cue(s) on the loop to be studied. Hence, it was important that 
the movements of the LoH apex were measured in relation to other kidney structures to 
check the apex does move. Two different types of studies were carried out. As a direct 
measurement of the apex, I directly measured the average length of the loops, and the 
distance between the apex and the first branching point of the CD. As a second study, time-
lapse imaging of Lgr5-EGFP kidneys was performed to trace an individual loop during its 
elongation. Lgr5-EGFP was used because Lgr5 is known to be expressed in ascending thick 




Figure 4-1 Schematic diagram of possible ways that Henle’s loop (LoH) can elongate. 
Possibility (a) is that the apex may elongate through the neighbouring cells (NC) to the 
medulla, in which case the distance between the apex and the first bifurcated point should 
decrease. In (b), the apex may be left behind with the NC but the loop elongates and the 
cortex moves away so the distance from apex to the centre is unchanged. This would not 
make guidance of the LoH apex (CD; collecting duct, DT; distal tubule, G; glomerulus, PT; 









4.2.1 Improved low-volume culture conditions increase reliability 
I made several improvements to the LV system as used by Sebinger et al. (2010) to increase 
its reliability. When I set up the culture with 85 µl of medium, as specified by Sebinger et al., 
some kidneys just remained rounded and did not grow (Figure 4-3). To resolve this, I 
decreased the medium volume from 85 µl to 82 µl (a volume determined empirically) for the 
initial two days and increased to 85 µl afterward. The low volume in the initial culture days 
was critical because a kidney has to be firmly attached on the glass for further development: 
if it is not, it shows abnormal development (Figure 4-3). 
I also found that the kidney sometimes detached from the glass because of drying of the 
medium, made worse by the low amount of medium (82 µl) during the initial two days 
(Figure 4-3). Therefore, using a 60 × 15 mm culture dish instead of using the 35 × 10 mm 
dish improved the culture conditions by holding more PBS to provide more humidity (Figure 
4-2, 4-3). The silicon ring inserts were placed on a lid of the 35 × 10 mm dish to be isolated 
from PBS (Figure 4-2). This prevented loss of some cultures by PBS coming into the ring. 
After the optimized medium volume and the improved culture inserts, the percentage of 
well-grown kidneys markedly increased from approximately 54 % to 82 % (Figure 4-3). 
Well-grown kidneys were defined by a clear cortico-medullary difference and an even 













Figure 4-2 Previous (a, c) and improved (b, d) low-volume culture systems (modified 
from Sebinger et al., 2010). (a, b) shows a LV culture complex of a top view. (c, d) shows 
schematic images of a side view of the culture complex. In the improved culture, inserts 
consist of a larger culture dish (60 × 15 mm) and a lid of smaller dish (35 × 15 mm) showed 
























Figure 4-3 Optimized medium volume and improved culture inserts increases the 
reliability of a low-volume culture system. (a) Phase contrast image of an E11.5 kidney 
culture for 2-days with 85 µl of medium: it remained rounded and did not grow afterward. (b) 
Incomplete attachment of the kidney on the glass caused abnormal development. (c) A 7-day 
cultured E11.5 kidney makes an organotypic tree-like structure in the optimised culture 
conditions. (d) Comparison of percentages before and after adjustment of the culture 
conditions. The percentage = the well-grown kidneys / total number of kidneys that were set 
up × 100 (the error bars show 95% confidence interval, the formula is t=zʹx SQR(p(1-p)/n) 
(z´; standard normal distribution, x; mean, SQR; square root, p; possible sample 











4.2.2 Demonstration of Henle’s loop in a low-volume culture by marker 
expression in addition to morphology 
In order to confirm the identity of the LoH, the marker expression of loops in a LV system 
was assessed. Tamm-Horsfall glycoprotein (THP), also called uromodulin, is produced and 
secreted by ascending limb of LoH (Tamm and Horsfall, 1950, Muchmore and Decker, 
1985). Because THP has been well known ‘anchor gene’ in the sense of Thiagarajan et al. 
(2011) for LoH, I examined THP expression in low-volume cultured kidneys to test that the 
loops seen really were LoH. Mostly THP was clearly expressed in the apex of loops of E11.5 
+ 10d kidney (E11.5 kidney incubated for 10 days) cultures (Figure 4-4). Although not all 
nephrons showed THP expression (Figure 4-4), I confirmed that U-shaped tubules formed in 
LV culture did express it so were indeed LoH. In addition to testing THP expression, 
cadherin-6 expression was examined since cadherin-6 is known to be expressed in LoH and 
















Figure 4-4 THP expression demonstrates Henle’s loops in a 10-day cultured E11.5 
kidney in the low-volume culture system. Immunofluorescence of THP (green) with 
laminin (red) was shown in a low power (a) and high power (a´) view. Laminin (red), THP 
(green), and cytokeratin (blue) expressions in the kidney were shown in a low power (b) and 
high power (b´) view. A non THP-expressed loop was indicated by short arrow (b´, b´´). 
Laminin expression (red) revealed the general basement membrane and cytokeratin 
expression (blue) indicated the collecting duct tree to distinguish it from loops. (b´´) An 











Figure 4-5 Localisation of cadherin-6 expression in Henle’s loop in the cultures. An 
E11.5 kidney was cultured in the low-volume system for 10 days. Cadherin-6 (red) was 
localised in the loops and proximal tubules. Laminin (green) expression visualised the 
general basement membrane of epithelium, calbindin (blue) was expressed in ureteric buds. 













4.2.3 Thick and thin limb of Henle’s loop can be observed in the low-
volume culture 
Whilst confirming the identity of the loops by staining for THP and cadherin-6 expression on 
LV cultures, I made observations on the morphological characteristic of the loops via 
laminin expression. This was not only to examine the anatomical features of the cultured 
loops but also to compare the morphological resemblance between loops formed ex vivo and 
in vivo. Notably, a 12-day low-volume cultured E12.5 kidney showed both the thick and thin 
limbs of LoH, resembling those in vivo (Figure 4-6). The diameters of the thin and thick 
limbs are approximately 14 µm and 37 µm respectively (Figure 4-6).  
 
Figure 4-6 A low-volume cultured mouse embryonic kidney forms thin and thick 
ascending limbs of Henle’s loop. E12.5 embryonic kidney was cultured for 12-days. (a, b) 
shows low power views and (c) shows a high power view. The thin loop is indicated by a 
longer arrow and the thick limb is indicated by a shorter arrow (c). Laminin expression 
(green) was used to visualise the outline of the general basement membrane of the entire 
kidney, and calbindin expression (red) showed the ureteric buds. The diameters of both limbs 










4.2.4 Loops of Henle start to form after 7-day culture of E11.5 kidneys in 
the low-volume system 
To manipulate directional growth of LoH in further experiments, it was important to know 
the timing of development in LV cultures. Essentially, determining the onset of LoH 
formation in the LV system was useful to set the time point to perform experimental 
manipulations that I will describe in Chapter 6. 
I therefore collected the cultures at a range of time points from E11.5 + 4d (E11.5 kidney 
incubated for 4 days) and identified LoH by immunofluorescence. I found that until E11.5 + 
6d, defined structure of LoH was hardly observed (Figure 4-7). LoH mostly began to form 




















Figure 4-7 Time-course images of an E11.5 kidney in the low-volume system. (a) An 
E11.5 kidney was cultured for 4-days (a), 5-days (b), 6-days (c), and 7-days (d, d´). (d´) A 
high power view of (d). The loops start to show from the 7-day cultured kidney and those are 
indicated by arrows. Laminin (green) is expressed in the general basement membrane and 
cytokeratin (red, a) is expressed in the collecting ducts and ureteric buds. Calbindin (red, b, c, 













4.2.5 The loop of Henle elongates, but measurement of the distance 
between the apex and the kidney centre did not indicate a 
conclusive result about relative motion 
After I recognized that LoH started to form from E11.5 + 7d, I investigated how the loop 
elongates: specifically, to determine whether the apex of the loop actually moves. Otherwise, 
there would be no guidance cue(s) to be investigated. Possible ways that the loops can 
elongate were established: its apex could migrate through the neighbouring cells, or 
developmental events elsewhere in the kidney could give rise to apparently directional loop 
elongation as an illusion (Figure 4-1). 
I measured the average length of the loop in 7-day and in 10-day cultured kidneys. To detect 
the actual apex movements, I have measured the average distance between the apex and the 
centre of the kidney. I first tried to define the centre of the kidney by drawing the extended 
lines on the loops so that I could find the place where those lines converged (Figure 4-8). 
The lines did not, however, converge at one point, so I used as a notional centre-point, the 
first bifurcated point of the CD (which most of the lines closely or directly crossed) (Figure 
4-8). Figure 4-8 showed that the loops indeed elongated. The calculated distance between the 
apex of the loops and the centre of the kidney did not, however, show a decisive evidence of 













Figure 4-8 Measurement of the length of Henle’s loop and distance between the apex 
and the first bifurcated point of the collecting duct. (a) The lines were drawn on the LoH 
to determine the point on which the loops converged. The lines did not converge precisely 
but all did cross somewhere near the first branching point of the collecting duct (CD). 
Laminin (green) was expressed in the general basement membrane and calbindin (red) was 
expressed in the ureteric buds.   (b, c) Ten 7-days and 10-days cultured kidneys were 
collected, and the mean of the loop length and the distance between its apex and the first 
branching point of the CD, were measured by AxioVision Rel. 4.8. Data were represented by 
Mean ± SEM, and the distance p value (0.325) and length p value (0.01 × 10
-3
) were made 












*** : p<0.001, 




4.2.6 Demonstration of Henle’s loop elongating toward the medulla by 
time-lapse imaging 
The result from the measurements in previous section was inconclusive with respect to apex 
movements. I therefore did a more precise test to demonstrate the apex movements by 
following individual loops.  
Time-lapse imaging was employed using embryos that carried on Lgr5-EGFP transgene. The 
Lgr5-EGFP carrying embryos were used because Lgr5 is known to be expressed in 
ascending thick limb in the developing kidney (Barker et al., 2012). Images were taken by a 
Lumascope (Model 500; etaluma), in-incubator microscope for 57h from E11.5 + 7d (Figure 
4-9). Three representative images (the first; E11.7+7d, the middle; E11.5+8d+4h, and the 
last; E11.5+9d+9h) are shown in Figure 4-9.  
Notably, the loop elongated toward the nearest branching point of the CD tree, moving 
relative to the fixed reference frame of the glass (which was permanently on the in-incubator 
microscope). The cortex did not expand significantly during 36 h of time-lapse imaging 
(Figure 4-9). This result suggests the apex of the LoH does move and allows the possibility 






Figure 4-9 Time-lapse imaging of an Lgr5-EGFP kidney showing Henle’s loop 
elongation in the reference frame of the culture dish. Time-lapse imaging was performed 
between E11.5+7d and E11.5+9d+9h (total 57h, 15 min/image). The first (a, a´), middle (b, 
b´), and last (c, c´) captured images were selected and shown here to present significant 
elongation toward a CD branching point. (a, b, c) The loops were emphasized by red 
(Lumascope (in-incubator microscope) weakly detects EGFP signals but bright-field images 
showed the LoH outline) and start point was marked by white line over the images. The 
dotted white line along the first branching point of the CD shows the photos are lined up 





E11.5 + 7d + 0h 
E11.5 + 8d + 4h 






4.3 Chapter discussion 
 
4.3.1 Optimising a useful culture system to form later stage nephrons 
Having a reliable culture method is a powerful tool to investigate development. Although a 
LV method had already been published method as a system that allowed LoH development 
(Sebinger et al., 2010), I had to adjust this system to increase the viability of embryonic 
kidneys. Optimising medium volume and making improvements on culture inserts gave rise 
to more reliable culture conditions to form LoH. Moreover, the culture system allowed LoH 
to be subdivided into thin and thick limb which resembled the in vivo characteristics of LoH 
(Dieterich et al., 1975, Burg, 1982). 
 
4.3.2 Demonstrating Henle’s loop elongation and its apex movement 
In this chapter, developing a reliable organ culture system was the first step for investigating 
movement of the Henle’s loop. Next was to assess whether the apex of the LoH does move, 
otherwise there would be no guiding cue(s) to navigate the LoH. This was first investigated 
by averaging position of many loops, but that resulted in error bars too large to prove the 
apex movement. Therefore, imaging individual loops by time-lapse was carried out and 
showed that the apex really does move. The result raised the possibility that the LoH apex 
might be reaching its final destination by guidance cue(s). 





5 Chapter 5 The loop of Henle formed in engineered 
kidneys shows similar characteristics to those formed in 
the intact kidney cultures 
The main findings of this chapter have been published  
CHANG, C. H. & DAVIES, J. A. 2012. An improved method of renal tissue engineering, 
by combining renal dissociation and reaggregation with a low-volume culture 
technique, results in development of engineered kidneys complete with loops of henle. 







Having optimized the low-volume (LV) culture method so that the loop of Henle (LoH) 
formed reliably (Chapter 4), I combined the LV system with a recent technique for renal 
tissue engineering. This engineering technique allows the construction of chimeric tissues 
and also allows the use of siRNA to block specific gene functions (Unbekandt and Davies, 
2010, Siegel et al., 2010). It was, therefore, speculated that this engineering technique may 
be a useful tool to manipulate, or block, candidate genes involved in the guidance(s) of the 
LoH. 
I first studied engineered kidneys cultured by the LV system to investigate whether loops 
would be produced in engineered kidneys and whether their orientations were normal. 
Second, I compared the intact and engineered kidneys in the Saxén and LV culture systems. 
This confirmed the reliability of the LV system for investigating LoH guidance. 
In 2010, Unbekandt and Davies presented a technique of making the immature stages of 
renal structures from renal cell suspension (Unbekandt and Davies, 2010). This tissue 
engineering technique was termed the ‘dissociation and reaggregation’ method since E11.5 
kidneys were enzymatically dissociated and reaggregated by centrifugation (Unbekandt and 
Davies, 2010). After the disturbance by ‘dissociation and reaggregation’ of the kidney, 
multitudes of small ureteric cysts (UC) and nephrons were formed in the Saxén culture 
system (Figure 5-1, 5-2).  Although this technique allowed the reaggregate to form the basic 
structures of the kidney, little sign of LoH was shown in this system, and too many UC 
formed rather than forming one single collecting duct (CD) tree (Figure 5-2). 
In order to have a single CD tree in the reaggregates, Geneva et al. advanced the technique to 
a serial dissociation and reaggregation system (Ganeva et al., 2011). From the first 
dissociation and reaggregation, they isolated a UC and combined it with freshly dissociated 
and reaggregated metanephric mesenchyme (MM) from E11.5 kidneys (Figure 5-3). In this 
manner, the engineered kidney reproduced a single collecting duct tree resembling the intact 
kidney (Figure 5-3). 
I therefore combined the idea of the LV system (Sebinger et al., 2010) and the serial 
reaggregation system (Ganeva et al., 2011) to investigate the features of LoH in the 





Figure 5-1 Schematic description of the method to culture engineered kidneys by serial 
reaggregation in low-volume culture (modified from Ganeva et al., 2011). Step 1 
describes the process to achieve a ureteric cyst (UC) by the original reaggregation method 
(Unbekandt and Davies, 2010). Step 2 shows the process of isolating metanephric 
mesenchyme (MM) from fresh E11.5 kidneys. Step 3 illustrates how the combined 
reaggregates of the UC and MM are pre-cultured in the Saxén system for 1-2 days followed 







5.2.1 Kidneys engineered by serial dissociation-reaggregation need to be 
pre-cultured in the Saxén system prior to transfer to the low-
volume system. 
The Unbekandt- and Davies-style engineering method (single dissociation-reaggregation) 
does not produce LoH or a single collecting duct (CD) (Figure 5-2). The Ganeva et al.-style 
advanced method (serial reaggregation) is able to produce a single CD by combining an 
ureteric cyst (UC), isolated from the Unbekandt and Davies style engineered reaggregates, 
with freshly reaggregated mesenchymes. This system is, however, insufficient to form LoH 
in the Saxén system (Figure 5-3). Thus, I combined the Ganeva et al. system and the LV 
culture system to investigate characteristics of the LoH formed in the engineered kidneys, 
and to demonstrate the reliability of the LV culture system. Additionally this combined 
system would later allow further manipulations of possible LoH guidance cue(s). 
In order reliably to culture the engineered kidney in the LV system, the engineered kidney 
had to be rigid enough to be cultured in the LV system. The specimen in the LV system is 
settled in its position by the pressure of the low volume of the culture medium allowing the 
culture to grow flat on the glass (Figure 4-2). Under this pressure, the fragile engineered 
kidney cells could disperse (Figure 5-4). Therefore, I pre-incubated the engineered kidney 











Figure 5-2 The original method to make the engineered kidney from a renal cell 
suspension by single dissociation-reaggregation (Unbekandt and Davies, 2010). (a) 
Schematic diagram of the method to make renal reaggregates (modified from Ganeva et al., 
2011). (b) An intact kidney in the Saxén system is shown as a control. (c) A low power view 
of a reaggregate comprising nephrons (laminin; red) and ureteric buds (calbindin; green). (c´) 
A high power view of (c). Nephrons are indicated by white arrows and ureteric buds are 







Figure 5-3 The Ganeva et al. style renal engineering method. (a) A diagram describes the 
process to make an engineered kidney by serial dissociation-reaggregation method (modified 
from Ganeva et al. 2011). A ureteric bud cyst is isolated from a reaggregate from 6 
dissociated kidneys (E11.5) and combined with freshly isolated and reaggregated 
metanephric mesenchyme (MM) from 10 intact kidneys (E11.5). The combined engineered 
kidney is cultured in the Saxén system for 10-days (a, c). (b) Intact kidney (E11.5) cultured 
in the Saxén system for 10-days is shown. Laminin (green) is expressed in the general 









Figure 5-4 Bright field images of a ureteric cyst (UC) with reaggregated metanephric 
mesenchyme (MM) in the low-volume system without and with pre-incubation.  (a) A 
UC combined with MM is directly placed in the LV system without pre-incubation. MM 
dispersed immediately after being placed in the LV system. Arrows indicate UC and dotted 
arrows indicate dispersed MM. (b) Combined reaggregates are pre-incubated in the Saxén 
system for 1 day and placed in the LV system. MM firmly encloses the UC. The scale bar = 
200µm.      
 
 
5.2.2 Combining the serial dissociation-reaggregation method and the 
low-volume culture system results in an organotypic engineered 
kidney with Henle’s loops 
To advance the current kidney engineering technique with the optimized LV system, I 
combined those methods to investigate the LoH guidance cue(s). To address this, I firstly 
found the way of placing the engineered kidney in the LV system after 1-2 days of pre-
incubation in the Saxén system. Next, I investigated whether transferring reaggregates to the 
LV system advanced LoH formation. The LoH were identified by immunohistochemistry 
(Figure 5-5). By anti-laminin staining of the general basement membrane, many LoH were 
observed in the engineered kidney cultured in the LV system (Figure 5-5), whilst the 
engineered kidney cultured in the Saxén system showed hardly any loops (Figure 5-3, 5-5). 
Unlike the intact kidney, there was no entry point of the collecting duct in the engineered 







Figure 5-5 Kidneys engineered by serial reaggregation cultured in the Saxén (a, a´) and 
low-volume (b, b´, b´´) system. (a) A low-power view of the engineered kidney in the 
Saxén system shows no LoH. (a´) A high-power view of (a). (b) A low-power view of the 
engineered kidney in the LV system. The arrows indicate the LoH. (b´) A high-power view 
of (b). (b´´) A high-power view of LoH is clearly shown and indicated by an arrow. Laminin 
(green) is expressed in the general basement membrane and calbindin (red) is expressed in 











5.2.3 Identification of marker expression (THP) for the Henle’s loop 
formed in the engineered kidney 
To confirm that the LoH formed in engineered kidneys were actual LoH, I examined Tamm-
Horsfall protein (THP) expression as a marker for LoH. The result was that specific 
expression of THP was adlumnially localised in the U-shaped loops in the engineered kidney 
(Figure 5-6). THP expression was especially strong in the apex of the loops in both intact 
and engineered kidney (Figure 5-6). Similar to the intact kidney (n=13) (refer to Figure 4-4), 
the engineered kidney (n=12) also showed some THP-negative loops (Figure 5-6). The mean 
number of THP positive loops in the intact and engineered kidney in the LV system were 





















Figure 5-6 THP-expressing loops form in the intact and engineered kidneys in the low-
volume (LV) system. (a, b) Low-power views of an intact (n=13) and an engineered kidney 
(n=12) (Reagg.) expressing THP (red) positive loops (arrows). Laminin (green) is expressed 
in the general basement membrane. The low-power views are shown to demonstrate the 
specificity of THP expression in the loops. (a´, b´) High-power views of the THP positive 
loops of the intact and engineered kidney are shown respectively. THP-negative loops are 
indicated by the dotted arrows. (c) The mean number of THP-expressed loops per kidney in 
the LV system (The error bars = standard error of the mean, p value = 0.90 (ns = non-
significant) by two-tailed t test). The intact kidneys were cultured for 9 days and engineered 
kidney was pre-incubated in the Saxén system for 2 days followed by the LV system for 6 








5.2.4 Engineered kidneys show a similar number and orientation of 
Henle’s loops as the intact kidney does in the low-volume system 
The number and orientations of the LoH in the engineered kidney were quantified and 
compared to the intact kidney from different culture methods. Even after the dissociation- 
reaggregation, similar numbers of the loops as those seen in the intact kidney were observed 
(Figure 5-7). The total number of loops formed in the engineered kidney by the LV system 
was significantly increased compared to those intact kidneys (p value = 0.0003), and those 
engineered kidneys (p value = 0.0001) cultured in the Saxén system (Figure 5-7). 
Encouragingly, the average number of total loops between the engineered and intact kidneys 
cultured in the LV system were not significantly different (p value = 0.41) (Figure5-7). 
Furthermore, the orientations of the loops were investigated in the engineered kidneys 
(Figure 5-7). To measure this, two lines, one on the axis of the loop and the other running 
between the apex of the loop and the first branching point of the kidney (which I defined as 
‘centre of the kidney’) were drawn (Figure 5-7). An angle of less than 45° between the two 
lines was determined as a centripetal orientation (Figure 5-7). Nearly 97% of those loops that 
formed in the engineered kidneys and 95% of those loops that formed in the intact kidneys 
were centripetally orientated. There was also no significant difference (p value = 0.23) 
between the average number of the centripetal loops in the engineered kidneys and intact 
kidneys in the LV system, whilst the engineered kidneys in the LV system showed a 
conspicuous difference compared to intact (p value = 0.0001) and engineered (p value = 
0.001) kidneys in the Saxén system (Figure 5-7). Therefore, the behaviour of the loops that 
formed in the engineered kidney cultured in the LV system resembled that of those in intact 












Figure 5-7 The mean number of total and centripetal loops per intact and engineered 
kidney in low-volume (LV) system. (a) The manner of measuring direction of the loops is 
shown by drawing lines on the image of the engineered kidney (Laminin; green, Calbindin; 
red). The angle between two lines (one extended line is crossing the axis of the loop and the 
other, ‘radius line’, is connecting the apex of the loop and the kidney centre which I 
determined as the first branching point) are shown. Angles of less than 45° are defined as 
‘centripetal’. Five example loops are highlighted here by pink lines. The angle was measured 
using AxioVision Rel. 4.8. (b, c) Mean numbers of total loops (b) and centripetal loops (c) 
formed in the intact and engineered kidneys cultured by different methods (Saxén system; S., 
low-volume system; LV.) were compared. The error bars indicate standard deviations. The p 
values are estimated by post hoc Scheffe test after examining one way ANOVA was 
significant ((b);p value = 0.0006, (c);p value = 0.00013). According to the Bonferroni 
correction, p value between each two groups less than 0.0125 (0.05/number of groups) was 









5.3 Chapter discussion 
 
5.3.1 The morphological and molecular features of the Henle’s loop 
formed in the engineered kidney mimic those of the loops of the 
intact kidney 
The underlying idea of combining the best existing kidney engineering technique with the 
low-volume culture system was to improve the capability of the engineered kidney to 
produce the LoH with correct orientations. The engineered kidney produced by serial 
reaggregation resulted in similar numbers of loops as those seen in the intact kidneys. More 
importantly, their orientation resembled the intact loop by showing centripetal orientation. 
This suggests that the natural features of the LoH develop even after the severe disruption 
caused by ‘dissociation-reaggregation’ of progenitor cells. These results also confirm that the 
LV system is a reliable system to recapitulate and investigate the LoH. Additionally, the 
finding might provide useful tips in constructing functional kidneys as a perspective of renal 
regenerative medicine (Davies and Chang, 2013).    
 
5.3.2 Practical uses of combining renal engineering and the low-volume 
culture system 
The combining of these two methods would be useful to investigate guidance cue(s) of LoH 
after identifying the guidance molecule(s). Delivering of siRNA to silence target gene(s), or 
the application of function blocking antibodies, would presumably be more efficient in those 
kidneys engineered rather than those intact as tissue accessibility should be improved 
(Unbekandt and Davies, 2010).  In addition to this, the engineering technique allows 
exogenous cells to mix with dissociated renal cells to make a chimeric kidney (Unbekandt 




6 Chapter 6 Experimental manipulations suggest that the 
loop of Henle navigates towards the ureteric bud / 










In Chapters 4 and 5, I have shown that the low-volume (LV) culture system is a reliable 
method to recapitulate natural development of LoH ex vivo. Moreover, I confirmed that the 
apex of the LoH does move during the culture period, which suggests that the morphology of 
the LoH might be due to guidance cue(s). Mainly, the LoH formed both in vivo and ex vivo 
show directional bias towards the kidney centre. Therefore, this chapter will present the next 
step, which identifies the source of possible guidance cue(s) by experimental manipulations. 
The ‘cutting and pasting’ technique is a way of systematically studying experimental 
embryology (reviewed by Schoenwolf, 2001). ‘Cutting’ is ablation or reduction of a cue 
from a specific region, and ‘pasting’ is positioning it ectopically. Combinations of these 
techniques are capable of identifying sources of developmental cues. Keynes and Stern 
showed a great example of using the cut-and paste technique to study axon migration from 
the neural tube to the anterior of each somite in the chick embryos (Keynes and Stern, 1984). 
They cut a part of the neural tube and pasted it back with a 180° antero-posterior rotation 
resulting in undisturbed migration of axons through the anterior somite (Keynes and Stern, 
1984). On the other hand, when a somite was given a 180° rotation, the point of emergence 
of axon from the neural tube altered to the ectopic location of the anterior somite. The 
technique has been used in another study of the neural patterning in the chick embryo. 
Yamada et al. demonstrated regulatory roles of the notochord and floor plate in patterning 
the dorsal-to-ventral axis of the chick neural tube by cutting and pasting the notochord or 
floor plate in ectopic positions (Yamada et al., 1991). Based on these practical uses of it, the 
cut-and-paste technique was chosen and employed as a tool for experimental manipulations 
to identify potential source of LoH guidance cue(s). 
To begin with, I tested whether the directional growth of the LoH is guided by repulsion 
from the cortex (local cue) or attracted to the medulla (distant cue). To test this, a part of 
cortex in which S-shaped bodies were presumably located was removed and pasted in the 
opposite orientation. Subsequently, the ‘cutting only’ experiment was carried out to confirm 
the result from the cut-and-paste experiment.  
The mechanical manipulations on specific kidney regions resulted in the LoH heading 
towards the UB branching point. Thus, I decided to inhibit UB development but maintain the 
LoH development as an ‘ablation of attracting substances’ strategy. I intended to see how the 
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LoH would arrange itself when the UB undergoes inhibition. Furthermore, by having 
inhibited UB development, it would resolve the issue that the LoH heading towards the UB 
branching point might be just a random event with a high stochastic chance for the LoH 
meeting the UB since there are many UB branches in the way where the LoH head. Davies 
and his colleagues found that sodium chlorate , which is a specific inhibitor of sulphation, 
can reversibly inhibit UB development, but maintain nephron induction and maturation 
(Davies et al., 1995). Hence, sodium chlorate was added to the kidney culture medium 
(KCM) during the LV culture period, and the directional growth of the LoH was observed. 
In this chapter, a combination of mechanical manipulations and drug treatment were 










6.2.1 The loop of Henle from the cortex cut and pasted in ectopic 
direction shows the directional orientation towards the medulla. 
I first tested whether the cortex contains local directional cue(s) to guide the LoH. In order to 
address this, a putative region of the cortex in which immature nephrons resided was 
surgically cut and pasted back to the same region in a different orientation (180° rotated) 
(Figure 6-1). Cut-and-paste was performed on E11.5 + 7d when the LoH begins to form (as 
shown in section 4.2.4) and the cut-and-pasted culture was incubated for 3 further days. 
Since it was not possible to see the LoH within the cortex in bright-field images (Figure 6-1), 
anti-laminin staining was used to mark all the basement membranes including the LoH. The 
rotated cortex region was verified by cytokeratin staining to show that it was clearly cut and 
pasted in the opposite orientation (Figure 6-2).  
The LoH in the direction-rotated cortex pointed towards the global medulla even after its 
local manipulation (Figure 6-2). Among total LoH, ‘centripetal’ LoH (average angle = 14°, σ 
= 10) were defined as having an angle of less than 45° as before (Figure 6-2). The angle was 
measured between two lines; one line crosses along the LoH axis and the other connects the 
apex of the LoH and the first branching point of the collecting duct (Figure 6-2). Measuring 
angles were achieved by AxioVision Rel. 4.8 software. As described in previous chapters 
(chapter 4, 5), the first branching point of the collecting duct was determined as a criterion to 
measure the error angles of the LoH towards the kidney centre (medulla). The number of 
those medulla-heading LoH from the rotated cortex (n=7) were quantified (Figure 6-2). 95% 
of the LoH appeared to point at the medulla among total LoH (n=19) in the rotated cortex 
(Figure 6-2). 
 From the findings in this section, rotating the cortex did not prevent the directional 
arrangement of the LoH towards the medulla. This strongly suggests that the LoH is guided 








Figure 6-1 Cutting the cortex and pasting it in an ectopic direction to manipulate its 
LoH direction. (a) Diagram of cut-and-paste experiment. An E11.5 kidney was pre-
incubated for 7-days and a section of cortex in which early LoH were presumably located 
was cut and pasted in an opposite orientation. The cut-and-paste kidney was then cultured for 
2-3 days. (b) A bright-field image of the E11.5 + 7d kidney after its cortex fragment was cut. 
















Figure 6-2 The LoH orientates towards the medulla after ‘cut-and paste’. (a) E11.5 + 
10d kidney after rotation of the cortex at E11.5+7d. The dotted circle indicates the region of 
the cut cortex and it was pasted in an opposite direction. Laminin (green) was expressed in 
the general basement membrane and cytokeratin (red) was expressed in the collecting duct. 
(a´) A high magnification view of (a). The arrows point the LoH that point at the centre of 
the kidney. (b) 95 % of the LoH (n=18) residing in the rotated cortex headed towards the 
kidney centre (the first branching point of the collecting duct) among the total LoH (n=19) 
from the rotated cortex (the error bar indicates 95% confidence interval (13),  the formula is 
t= z' x SQR(p(1-p)/n) (z´; standard normal distribution, x; mean, SQR; square root, p; 
possible sample size/population of size, n; sample number) (Bremer, 2010). The centripetal 
LoH were defined as having an angle of less than 45° between two lines (one extended line 
along the axis of the LoH, and the other connecting the apex of the LoH and the kidney 








6.2.2 The loop of Henle orientated towards a remaining branching point 
of the ureteric buds after removal of the medulla. 
In the cut-and-paste (cortex region) experiment, most of the LoH in the rotated cortex 
became oriented towards the medulla (Figure 6-8). This suggests that the directional 
arrangement of the LoH may not be guided by any local cues in the cortex but by cues from 
the medulla. In addition, it is unlikely but possible that the LoH prefer to grow towards the 
less crowded space, since there was always some space between the cut-and-pasted cortex 
and the rest of the culture (Figure 6-2).  
In order to address whether the medulla is the region causing the centripetal arrangement of 
the LoH, the entire medulla was removed and then the LoH arrangement was observed. With 
this experiment, it was also possible to test whether the LoH prefers to grow towards free 
space. The medulla was surgically removed from E11.5 + 7d kidney in the LV system and 
the medulla-removed kidney was cultured for 3 further days (Figure 6-3). The medulla was 
defined as the region near the first branching point of the collecting duct (CD) that does not 
contain any nephrons (Figure 6-3). Due to the invisibility of the LoH in the cortex in bright-
field images, anti-laminin staining was performed to outline the basement membrane of the 
LoH epithelium and other tubules (Figure 6-4). Anti-cadherin-6 staining was performed to 
mark the LoH and proximal tubules as well (Figure 6-4). Finally, anti-calbindin staining was 
performed to mark the UB (Figure 6-4).    
After the medulla was removed, the LoH did not show an arrangement towards the region 
where medulla used to be. Notably, the LoH instead converged on the oldest branching point 
of the UB that remained in the cortex (Figure 6-4). Specifically, many LoH directed their 
apices towards the UB junction. 
For quantification of the LoH arrangement towards the UB, the error angle (in other words, 
the angle between the line along the LoH axis, and the line connecting the apex of the LoH 
and the UB junction) was measured from 64 LoH of 6 medulla-removed kidneys (Figure 6-
4). For precise quantification, all the LoH and the UB junctions were marked by colours 
using Image J software (Figure 6-4). 94% of total LoH converging on the UB junction were 
arranged within an error angle of less than 45° (95% confidence interval = 7°) (Bremer, 2010) 






Figure 6-3 Experimental removal of the medulla. (a) The diagram describes how the 
medulla was cut out. The medulla was cut out at 7d and cultured for 3-days. (b) An E11.5 + 
7d kidney in LV system is shown in a bright-field. The medulla was determined by the first 
branching point of the collecting duct and no nephrons reside. The dotted circle indicates the 







Figure 6-4 The LoH migrate toward the nearest major branching point of the ureteric bud (UB). 
(a) The medulla was removed from E11.5+7d and the culture was incubated for 3 further days. The 
dotted circle indicates the region that the medulla was cut. Laminin (green) is expressed in the general 
basement membrane of the epithelium, cadherine6 (red) is expressed in the LoH and proximal tubules, 
and calbindin (blue) is expressed in the UB. (b, c, d) High magnification views from (a). Three 
different regions of the medulla-removed kidney show that the LoH converges towards the largest 
remaining branching part of the UB. (e) A representative image showing how error angles between the 
line crossing the LoH axis and the other line connecting the LoH apex and the UB junction were 
measured. The LoH (red) and the UB junction (yellow) were marked by Image J software. The error 
angles were measured using AxioVision Rel. 4.8 software. (f) Error angles from the LoH (n=64) were 
plotted in a scatter chart (Mean = 15.8°, σ = 15.3°). (g) 94% of total LoH (n=64) converged on the UB 
junction and the error bar indicates 95% confidence interval (=7), the formula is t= z' x SQR(p(1-p)/n) 
(z´; standard normal distribution, x; mean, SQR; square root, p; possible sample size/population of 
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To support the result that the LoH migrate towards the branching point of the UB rather than 
simply migrating into free space, an additional surgical experiment was performed. In fact, 
some LoH heading towards the free surrounding area of the kidney culture were observed in 
the cultures (Figure 6-5). However, these only occurred in the peripheral area of the cultures 
with several LoH (Figure 6-5). Thus, I tested where the LoH would choose to head if they 
closely encounter both free space and the branching point of UB.  Free spaces close the LoH, 
in which the LoH might be able to grow, were provided by surgically removing not the part 
of the cortex where the LoH might reside but rest of the parts and culturing it (Figure 6-6). 
Similar to the medulla-removal experiment, the LoH from the partial cortex produced an 
orientation towards the nearest UB branching point even though there were plenty of free 
spaces that the LoH could have grown towards (Figure 6-6). The result strongly suggested 
that the branching point of the UB or a region near it might be the source of the target 




Figure 6-5 The LoH oriented towards the free space in the surrounding kidney. (a) An 
E11.5 + 10d kidney cultured in the LV system. Laminin (green) is expressed in the general 
basement membrane of the epithelium, THP (red) is expressed in the LoH, and cytokeratin 
(blue) is expressed in the UBs. (b) High magnification views of a dotted square in (a). The 










Figure 6-6 The LoH in a piece of isolated cortex still orient towards a UB branching 
point. (a) A part of a cortex was excised from E11.5+7d kidney and cultured for 3 days. (b, d) 
Two different regions of the cortex from different kidneys are shown. Laminin (green) is 
expressed in the general basement membrane of the epithelium, THP (red) is expressed in 
the LoH, and cytokeratin (blue) is expressed in the UBs. (c, e) High magnification views of 
(b, d) respectively. The white arrows indicate the LoH and the dotted arrows indicate the 











6.2.3 The LoH still orientate towards the collecting duct in NaClO3-
treated cultures 
Both ‘cut-and-paste’ (cortex) and ‘cut’ (medulla, cortex) experiments resulted in a 
directional arrangement of the LoH towards the UB branching point. As another method of 
demonstrating that the UB junctions are the target region to which the LoH are attracted, UB 
development was inhibited and subsequent LoH orientation was observed. By inhibition of 
UB development, it was also possible to test whether the LoH orientation towards the UB is 
actually only the effect of random collision since there are many UB branches in a normal 
kidney.  
The inhibition was achieved using the drug, sodium chlorate (NaClO3). Sodium chlorate is a 
specific sulphation inhibitor that inhibits collecting duct development whilst maintaining 
nephron development (Davies et al., 1995). As previously described (Davies et al., 1995), 
30mM Sodium chlorate was added in kidney culture medium (KCM) during the culture 
period. To begin with, correct timing of sodium chlorate treatment had to be tested, since the 
culture system (LV system) used in this section was different from what Davies et al. 1995 
used (Saxén system). Thus, each kidney was cultured in KCM, and then supplemented with 
30mM Sodium chlorate at different time points (from 0d, 2d, and 4d) for 3 further days 
(Figure 6-7). Kidneys cultured in KCM with sodium chlorate added from 0d and 2d could 
not be reliably maintained in the LV system. They remained rounded and floated in KCM 
after adding sodium chlorate (Figure 6-7). However, a kidney (E11.5 + 7d) in KCM with 
sodium chlorate added from 4d could develop under chlorate treatment for at least 3 more 






Figure 6-7 Treatment of kidneys cultured in LV system with NaClO3. (a) An untreated 
E11.5 +7d kidney in the LV system is shown as a control. (b, c, d) The kidney treated with 
30mM NaClO3 from 0d (b), 2d (c), and 4d (d), and cultured for a total of 7 days. The scale 
bar = 500 µm. 
 
E11.5 kidneys were pre-incubated in plain KCM for 4 days, and were then supplemented 
with 30mM sodium chlorate for a 5 further days (Figure 6-8). Since sodium chlorate was 
added in the culture after the kidney had developed normally for 4 days, the morphogenesis 
of the collecting duct was not entirely blocked (Figure 6-8). However, the chlorate-treated 
kidneys showed a less branched collecting duct compared to the untreated kidney (Figure 6-
8). In particular, in the peripheral region of the chlorate-treated kidneys, UB development 
was clearly inhibited (Figure 6-8). However, many nephrons formed and some of them were 
still linked to the UB (Figure 6-8). Markedly, the LoH were still oriented towards the 
inhibited UB even though it was now a small target (Figure 6-8). Specifically, the LoH 
oriented towards the shaft of less branched UB suggesting that the UB in general, not 







Figure 6-8 The LoH head towards the nearest ureteric bud (UB) of the kidney cultured 
in 30mM sodium chlorate. (a) The untreated E11.5 + 9d kidney cultured in the LV system 
is shown as a control. Anti-laminin (green) stained the general basement membrane of 
epithelia and anti-cytokeratin (red) stained the collecting duct.  (b) The E11.5 + 9d kidney 
cultured in 30mM sodium chlorate in KCM for 5 days from E11.5+4d. Compared to the 
control kidney, there is less extensive development of the UB system. (b´) High 











6.3.1 The ureteric bud / collecting duct system as a source to navigate the 
loop of Henle orientation 
In this chapter, I studied LoH guidance(s) using the cut-and-paste technique. One of the main 
findings is that the LoH converged on the branching point of the remaining UB in the cortex 
in the medulla-removed culture. 
As reviewed in Chapter 1, the UB initiate outgrowth from the Wolffian duct followed by 
developing into tip and stalk regions (reviewed in Davies and Davey, 1999, Costantini and 
Kopan, 2010). As the UB enters the branching phase, UB cells proliferate predominantly at 
the tip region by increasing the size of it, thereby forming new branches to have a fractal-like 
structure during development (Michael and Davies, 2004, Watanabe and Costantini, 2004). 
While the cortex comprises many thin UB branches, the medulla consists of thicker CD 
(Knepper et al., 1977). 
Several important points can be discussed from the finding to precisely account for the LoH 
guidance cue(s) related to the UB/CD anatomy. One point is that the LoH can be guided to 
the UB residing in the cortex not necessarily to it in the medulla when the medulla was 
removed. Specifically, regardless of the location of the UB in the kidney, the LoH might 
follow the oldest region of the UB. This is also supported by the result achieved from the 
cortex rotating experiment that the LoH heading towards the medulla which was actually the 
first bifurcated region of the collecting duct. In fact, according to Fick’s first law of diffusion, 
the concentration of a substance (a guiding molecule in this case) varies as distance
-2
, in 
terms of distance to the source. Thus, if all UB cells produce the same amount of guiding 
molecules, a nearby younger UB branch would be more attractive than a further distant one. 
Therefore, the data actually suggest that, while all UB produce guiding molecules, older 
regions of the UB / CD system secrete much more.  
It is also possible to speculate that the junction of the UB surely has more populations of UB 
cells which possibly secrete more quantity of guiding molecule(s) compared to those 
secreted from the thin UB shaft, thereby attracts the LoH. However, if there is no UB 
junction near LoH, the LoH showed its arrangement towards the nearest UB shaft. This was 
observed in the chlorate-treated culture.  
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Pertinent to this, another important point from the result is that the actual target region in the 
UB for guiding the LoH is probably not the UB tip region but the stalk including the 
junction. This finding would provide instrumental information to exclude molecules 
unrelated to the LoH guidance. For instance, Wnt-11 is restrictedly expressed in the UB tip 
rather than stalk region (Kispert et al., 1996, Vainio et al., 1999), so is thereby excluded from 
the possible candidates. However, it is also completely not sure that the source of guiding 
LoH is UB cells since the thin sheath of mesenchyme surrounds the UB / CD system. 
 
6.3.2 Inhibition of sulphated glycosaminoglycan (GAG) does not 
interfere the loop of Henle guidance   
Linked to the result from the cut-and-paste experiment, I tested how the LoH would orientate 
if the UB development is inhibited. In agreement with the previous study (Davies et al., 
1995), the branching and development of UB was inhibited but the nephron formation and 
development was maintained. Although not many LoH were observed, the result still showed 
the LoH orientation towards the UB. As described in the previous section, the result showed 
that the LoH can be navigated to the UB shaft not necessarily to UB junction. The result 
might also suggest that candidate signaling(s) attract the LoH by GAG-sulphation-
independent manner.  
To sum, I demonstrated, using the cut-and-paste technique, that the typical orientation of the 
LoH can be altered and the LoH can be guided towards the UB, probably by GAG-






7 Chapter 7 Experimental manipulations to guide 









In the previous chapter, I showed that the ureteric bud (UB) /collecting duct (CD) system 
appears to attract Henle’s loop (LoH). In this chapter, I tried to screen possible LoH guiding 
molecule(s). 
Correctly guessing correct molecule(s) from numerous possible candidates would be 
unlikely succeeded. The UB/CD system expresses more than a hundred molecules having 
functions of ligand and/or cytokine (www.informatics.jax.org). Thus, I began with a broad 
strategy for screening candidate molecule(s) such as targeting major signaling pathways 
which might possibly related to the LoH guidance. 
Major signaling pathways implicated in renal development include sonic hedgehog (SHH), 
the transforming growth factor beta (TGFβ) superfamily, the canonical wingless-related 
integration site (Wnt) signaling, glial cell derived neurotropic factor (GDNF), fibroblast 
growth factor (FGF), vascular endothelial growth factor (VEGF) and Notch pathways 
(reviewed in Reidy and Rosenblum, 2009, Woolf, 2010). These have been shown to act as 
guidance cues in different systems; for instance, guiding growth cones in neural 
development, SHH (Charron et al., 2003), BMP (Butler and Dodd, 2003), and Wnt 
(Lyuksyutova et al., 2003, Yoshikawa et al., 2003) signaling pathways have been found to be 
implicated. With respect to signaling pathways that underlie a tube guidance, migration of 
angiogenic sprouts provide a great example, and are directed by VEGF and Delta-Notch 
pathways from the leading tip cells (Hellstrom et al., 2007, Gerhardt, 2008). Therefore, I 
investigated the LoH guidance by linking it with current understanding of major pathways 
driving solitary cell and collective migrations since in conceptual aspects, mechanisms 
steering individual cells migration and collective migration are not completely mutually 
exclusive (see chapter 1).  
To begin with, I chose to use embryonic spinal cord to broadly screen the candidates. The 
embryonic spinal cord is known to secrete signalling molecules such as Wnt and SHH 
(reviewed in Ulloa and Marti, 2010). The spinal cord has also been used as a robust renal 
tubule inducer, demonstrated in early studies of tubule induction from metanephric 
mesenchyme (Saxén, 1987, Grobstein, 1956). I placed a piece of spinal cord next to a kidney 
culture to test whether centripetal arrangement of LoH was manipulated by interfering in 
endogenous guidance cue(s) of LoH in the kidney culture. Since the co-culture with spinal 
cord gave rise to altered directional arrangement of some LoH, a more precise manner of 
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experiment was carried out to screen guiding molecule(s). In embryonic spinal cord, 
different kinds of Wnt are expressed along the dorsal-ventral axis; Wnt-1, Wnt-3, and Wnt-
3a are expressed from dorsal spinal cord, and Wnt-7a and Wnt-7b are expressed from ventral 
spinal cord (Figure 7-1). Wnt-4 is expressed in dorsal and floor plate of ventral spinal cord 
(Parr et al., 1993) (Figure 7-1). Hence, different parts (dorsal or ventral) of spinal cord were 
surgically isolated and placed next to kidney cultures to determine which Wnt were involved 
in LoH guidance cue(s). However, both parts altered of centripetal arrangement of LoH.  
SHH is expressed in a gradient in the spinal cord (Ericson et al., 1997, Wilson and Maden, 
2005, Ulloa and Marti, 2010)  (Figure 7-1). More importantly, SHH is expressed from the 
medullary collecting duct in the kidney (Yu et al., 2002, Jenkins et al., 2007). Linked to this, 
the previous chapter 6 showed that the LoH heads towards the UB/CD and this chapter 
showed that the LoH oriented towards the spinal cord, SHH was a reasonable target to 
investigate as a guiding molecule. Therefore, I tested the LoH orientation in the kidney under 
the condition of blocking SHH signalling pathway. SHH signalling was inhibited by an 
inhibitor, cyclopamine (Cooper et al., 1998) by direct binding of cyclopamine to smoothened 
(Smo) (Chen et al., 2002). However, cyclopamine did not prevent typical orientation of the 
LoH. 
 
Figure 7-1 Diagram of Wnt and SHH spatial expression in a transverse section of the 
embryonic spinal cord (modified from Parr et al., 1993, Wilson and Maden, 2005). Wnt-
1, Wnt-3a, and Wnt-3 are expressed dorsally and wnt-7a and wnt-7b are expressed ventrally 
in the spinal cord. Wnt-4 is expressed in both dorsal and floor plate region of the spinal cord. 






7.2.1 The typical orientation of the loop of Henle can be altered by 
adjacent co-culture with a fragment of spinal cord. 
As the natural arrangement of the LoH seen in in vivo and ex vivo cultures appeared to be 
centripetal, manipulations that alter this orientation might be used as screen processes to 
identify the guidance cue(s). By disturbing endogenous guidance cues in kidney cultures, I 
hoped to alter typical (centripetal) orientation of the LoH.  
In order to interfere with endogenous guidance cues of the LoH in kidney cultures, 
embryonic spinal cord was used since it secretes numerous signalling molecules (reviewed in 
Ulloa and Marti, 2010). Spinal cord was surgically isolated from E11.5 embryos and cut in 
pieces. E11.5 kidneys were pre-cultured for 7 days in the LV system to allow LoH formation. 
The piece of spinal cord was juxtaposed to the kidney culture in close contact and co-
cultured for 3 further days (Figure 7-2). 
The result, notably, was that the LoH residing near the spinal cord orientated towards the 
spinal cord rather than towards the kidney centre (Figure 7-3). Based on the maturity of the 
LoH heading towards the spinal cord, those might have arisen from nephrons that already 
formed before the incubation with the spinal cord, since it takes at least 120h for the spinal 
cord to induce nephron tubules from the mesenchyme (Figure 7-3) (Saxén, 1987, Davies and 
Garrod, 1995, Vainio et al., 1999). Some LoH even penetrates into the spinal cord, 













Figure 7-2 Experimental set-up of spinal cord co-culture. (a) An E11.5 kidney was pre-
cultured for 7 days in the LV system to form LoH and a spinal cord piece was placed next to 
the kidney for 3 further days also in the LV culture. (b) A bright-field image of the spinal 









Figure 7-3 The LoH arranged towards a piece of spinal cord in the LV culture. (a), (b) 
Low-magnification views of co-cultures of the spinal cord and kidney. A 7-days pre-cultured 
kidney (E11.5 + d7) was co-cultured with the spinal cord for another 3 days in the LV 
system. The spinal cord was marked by β-tubulin III (red) expression. The general basement 
membrane of epithelia and the ureteric buds were marked by laminin (green) and calbindin 
(blue) respectively. (a´), (b´) High-power views of (a), (b) respectively. The short white 
arrows indicate the spinal cord-heading LoH and long dotted arrows indicate the direction 
toward the kidney centre. The scale bar = 200µm. 
 
To quantitatively test whether co-culture with spinal cord interfered with the typical 
orientation of LoH, directional arrangement of LoH were quantified. LoH orientations were 
measured by error angles between two lines (one line crossing LoH axis and the other line 
connecting the LoH apex and the first branching point of a collecting duct). As controls, a 
culture without any exogenous tissue, and a co-culture with adrenal gland chosen as a 
probably irrelevant tissue were set up. A piece of adrenal gland was obtained from E15.5 
embryos and it was used as a comparative exogenous tissue to spinal cord.  
Mean ± SEM of error angles of LoH from each conditions are 28.1±0.2° (kidney), 21.7±2.9° 
(kidney+adrenal gland), 77.8±1.6° (kidney+spinal cord) (Figure 7-4). There was no 





gland) (Figure 7-4). However, the mean error angle of LoH from co-culture with spinal cord 
were significantly high compared to those in kidney only (p=0.0006) and those in co-culture 
with adrenal gland (p=0.00001) (Figure 7-4). The result indicated that the spinal cord might 




Figure 7-4 Co-culture with spinal cord alters orientation of the LoH. LoH orientation 
was determined by the error angle between one line crossing the LoH axis and the other line 
connecting the LoH apex and the first branching point of collecting duct. As controls to LoH 
from co-culture with spinal cord, LoH from kidney only and co-culture with adrenal gland 
were quantified. Error angles were measured by AxioVision Rel. 4.8. software. Mean ± SEM 
of error angles from each conditions are 28.1±0.2° (kidney), 21.7±2.9° (kidney+adrenal 
gland), 77.8±1.6° (kidney+spinal cord). p value in one way ANOVA is 0.0004 considered as 
significant. Thus, post hoc Scheffe test is performed to compare each two groups and p 
values are 0.822 (kidney vs kidney+adrenal gland), 0.0006 (kidney vs kidney+spinal cord), 
and 0.00001 (kidney+adrenal gland vs kidney+spinal cord). Based on the Bonferroni 
correction, p values obtained from post hoc t-tests less than 0.017 (0.05/number of sample 








































7.2.2 Both dorsal and ventral spinal cords attract loops of Henle 
The result form co-culture with a piece of spinal cord gave rise to some of the LoH 
directional growth towards the spinal cord (Figure 7-3). Moreover, several LoH closely 
located to the spinal cord even penetrated into the spinal cord. As the spinal cord secretes 
many signaling molecules, I strove to narrow target gene(s)/region down by additional co-
culture experiments with different regions of the spinal cord; ventral and dorsal spinal cord. 
This was because the ventral and dorsal spinal cords are known to express different Wnt 
along the dorsal-ventral axis; Wnt-1, Wnt-3, and Wnt-3a are expressed from dorsal spinal 
cord, and Wnt-7a, and Wnt-7b are expressed from ventral spinal cord (Parr et al., 1993) 
(Figure 7-1). In addition to Wnt, SHH is also expressed in a gradient from ventral spinal cord 
(Ericson et al., 1997, Wilson and Maden, 2005, Ulloa and Marti, 2010). 
E11.5 kidneys (n=10) were pre-incubated for 7 days, and 5 pieces of either dorsal or ventral 
spinal cords were located next to the kidneys and cultured for 3 further days. Only LoH 
located less than 500 µm from the spinal cord were counted. The mean number of either 
dorsal or ventral spinal cord-heading LoH were measured (Figure 7-5). However, there was 
no significant difference (p = 0.94) between the mean ± SEM number of the dorsal spinal 














Figure 7-5 Comparison of the mean number of the LoH that orient towards different 
regions (dorsal and ventral) of the spinal cord. Each E11.5 + 7d kidney in the LV system 
was juxtaposed with either a dorsal (n=5) or a ventral (n=5) piece of embryonic spinal cord 
and cultured for 3 days. Only LoH close (<500µm) to the spinal cord were counted. Mean ± 
SEM number of dorsal-heading LoH is 2.8±0.3 (n=11) and ventral-heading LoH is 2.7±0.5 
(n=8). The error bars indicates SEM. There was no significant difference (p = 0.94) between 




7.2.3 Inhibition of the SHH signaling pathway could not prevent 
centripetal orientation of the LoH in LV system 
As shown in the co-culture experiment with the spinal cord, it seemed that the spinal cord 
could attract the LoH. In addition to Wnt, SHH is one of major molecules expressed in 
ventral spinal cord (Ericson et al., 1997, Wilson and Maden, 2005, Ulloa and Marti, 2010). 
Also, SHH is expressed from the medullary collecting duct in the kidney (Yu et al., 2002). 
Therefore, SHH was a possible candidate to investigate as a target molecule involved in the 
LoH guidance. 
In order to test how SHH affects the LoH orientation, I blocked SHH signaling pathway. 
Cyclopamine is an inhibitor that is known to block the SHH signaling pathway (Cooper et 
al., 1998). By adding cyclopamine to the kidney culture medium (KCM), I tested whether 
the LoH showed different orientation rather than their typical direction towards the kidney 
centre (Figure 7-6). E11.5 kidneys (n=4) were pre-incubated in the LV system with normal 
KCM for 7 days to form LoH. The E11.5+7d kidneys were then cultured in KCM 
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measured by error angles between the line crossing the LoH axis and the other line 
connecting the apex of the LoH and the first branching point of the collecting duct. As 
described in the previous chapter 4, the first branching point of the collecting duct was 
determined as the kidney centre. The mean ± SEM number of the LoH error angles in the 
untreated kidneys is 23.8±1.9° and it in the cyclopamine treated kidneys is 24.6±0.8°. There 
was no significant difference (p value = 0.92) of LoH orientation between untreated and 
























Figure 7-6 Comparison of the untreated kidney and cyclopamine-treated kidney. (a) 
The E11.5 + 10d kidney cultured in LV system with normal kidney culture medium (KCM) 
is shown as a control. (b) The E11.5 + 7d kidney was cultured in KCM with 5 µM of 
cyclopamine and cultured for 3 days. Anti-laminin (green) stains the general basement 
membrane of epithelia and cytokeratin (red) stains the ureteric buds. (c) The error angles of 
LoH (n=27) from cyclopamine-treated kidneys was compared to those (n=11) from the 
untreated kidney. The error angles were measured between one line crossing the LoH axis 
and the other line connecting the LoH apex and the first branching point of the collecting 
duct. The mean ± SEM number of the LoH error angle from untreated kidneys is 23.8±1.9 
and those from 5 µM cyclopamine-treated kidney is 24.6±0.8. The error bars indicate SEM. 
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7.3 Chapter discussion 
 
7.3.1 Embryonic spinal cord, as well as the ureteric bud (Chapter 6), as a 
possible source of candidate molecule(s) to guide the loop of Henle 
The spinal cord has been extensively studied as a robust surrogate of the UB for renal tubule 
induction from the metanephric mesenchyme (Grobstein, 1955, Grobstein, 1956, Saxén, 
1987, Vainio et al., 1999). In addition to this, I propose another ability of the embryonic 
spinal cord, guiding the LoH. I demonstrated that the typical orientation of the LoH driven 
by endogenous cue(s) in the developing kidney can be interfered by co-culture with the 
spinal cord. Markedly, the apex of LoH even penetrated into the spinal cord. I speculated 
that this might be the effect of uncontrolled secretion of candidate substance(s) from the 
spinal cord rather than regulated secretion of those from the kidney.  
Both the co-culture experiment with the embryonic spinal cord and the cut-and-paste 
experiments gave rise to attraction of the LoH towards the embryonic spinal cord (this 
chapter) or the maturing UB (Chapter 6). This suggests that candidate(s) attracting the LoH 
is substance(s) that made and secreted by both the spinal cord and the UB.  
There are several possible candidates (ligands) that might mediate LoH guidance, based on 
the results in this chapter and the previous chapter. They are listed in Table 7-1. Those 
molecules were chosen only relying on the findings that directional bias of the LoH towards 
the spinal cord or the UB. Possible candidates defined as gene functions, receptor binding 
(ligand) or growth factor activity (cytokine), were screened by Gene Expression Data tool in 
Mouse Genome Informatics (MGI) (www.informatics.jax.org). Expression level of each 
gene was also checked by searching it in GenitoUrinary Molecular Anatomy Project 








Table 7-1 Examples of possible candidates (ligands) expressed in the spinal cord and 
UB for guiding the LoH. Genes were searched by Mouse Genome Informatics (MGI) 
(www.informatics.jax.org) and expression levels were checked by GUDMAP 
(www.gudmap.org). 
  
Because developing spinal cord is major source of Wnt and Shh (reviewed in Ulloa and 
Marti, 2010) and these are also expressed by the UB (Vainio et al., 1999, Schmidt-Ott et al., 
2005, Yu et al., 2002) during renal development, these molecules were the most intriguing. 
Among spatial expression of Wnt along dorsal-ventral axis of spinal cord (Parr et al., 1993) 
and the UB (www.gudmap.org), Wnt-4 and Wnt-7b were candidate molecules. Besides their 
regional expression pattern, both Wnt-4 (Tanigawa et al., 2011) and Wnt-7b (Yu et al., 2009) 
are required for nephron formation. Especially, it was shown that Wnt-7b-mediated pathway 
regulates coordinated elongation of the LoH (Yu et al., 2009). Thus, I speculate that Wnt-4 
and Wnt-7b can be possible candidates to guide directional orientation of the LoH in 
addition to their already proven roles in nephrogenesis.  
Among BMP, Bmp7 is mutually expressed by the spinal cord (Magdaleno et al., 2006), the 
UB (www.gudmap.org), and the mesenchyme surrounding collecting duct (Davies and 
Davey, 1999). Bmp-7 is also known to play important role for nephrogenesis as well as 
normal arborisation of the UB (Vukicevic et al., 1996, Davies and Davey, 1999). Due to the 
requirement of Bmp-7 in collecting duct branching, Bmp-7 can also be one of candidate 
molecules regarding the result that the LoH converged on the branching point of the UB. 
Gene ID Gene 
Symbol 
Gene Name 
MGI:103302 Bmp7 bone morphogenetic protein 7 
MGI:106643 Efna4 ephrin A4 
MGI:1095416 Jag1 jagged 1 
MGI:96974 Kitl kit ligand 
MGI:96949 Mdk midkine 
MGI:1859631 Pdgfc platelet-derived growth factor, C polypeptide 
MGI:1099818 Pkd2 polycystic kidney disease 2 
MGI:97804 Ptn pleiotrophin 
MGI:1337026 Sdcbp syndecan binding protein 
MGI:107557 Sema3c sema domain, immunoglobulin domain (Ig), short basic 
domain, secreted, (semaphorin) 3C 
MGI:107556 Sema5a sema domain, seven thrombospondin repeats (type 1 and 
type 1-like), transmembrane domain (TM) and short 
cytoplasmic domain, (semaphorin) 5A 
MGI:1315205 Slit2 slit homolog 2 (Drosophila) 
MGI:98957 Wnt4 wingless-related MMTV integration site 4 
MGI:98962 Wnt7b wingless-related MMTV integration site 7B 
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Midkine (Mdk) is also in relation to promote target cells growth, survival, and migration 
(Muramatsu, 2010). Structurally related to Mdk, Pleiotrophin (Ptn) has approximately 50% 
sequence similarity with Mdk (Muramatsu, 2010). As another neurite outgrowth-promoting 
factor in rat brain (Rauvala and Pihlaskari, 1987), Ptn can be added as one of candidate 
molecules. 
In human retinal pigment epithelial (RPE) cells, platelet-derived growth factor, C 
polypeptide (PDGFC) is known to mediate those cells’ proliferation and migration (Li et al., 
2007). Additionally, PDGFC has also been studied as crucial regulators for cell migration, 
survival, cell death, and transformation in the breast carcinoma cell line MCF7 (Hurst et al., 
2012).  
Semaphorins have extensively been documented proteins that act as a regulator of axonal 
growth cone guidance (Nakamura et al., 2000). Although semaphorins primarily mediates 
axonal guidance as a repellent (Tessier-Lavigne and Goodman, 1996), semaphorin3C 
(Sema3c) has been investigated that it promotes the breast cancer cells’ migration (Esselens 
et al., 2010). 
As a pair to the ligand list above, molecules with a receptor activity function known to be in 
the developing LoH can also be listed (Table 7-2). Although there was no matched ligand-
receptor pair from those lists, the ligands from the list can still be possible candidates owing 
to orphan receptors and other unknown receptors in the LoH suggesting more screening 




Table 7-2 Examples of receptors localised in the loop of Henle (LoH). Genes were 
searched by Mouse Genome Informatics (MGI) (www.informatics.jax.org) and expression 
levels in the developing LoH were checked by GUDMAP (www.gudmap.org). 
 
Gene ID Gene 
Symbol 
Gene Name 
MGI:1351351 Casr calcium-sensing receptor 
MGI:109175 Dab2 disabled 2, mitogen-responsive phosphoprotein 
MGI:95276 Epha7 Eph receptor A7 
MGI:1917943 Gpr125 G protein-coupled receptor 125 
MGI:2685858 Gpr176 G protein-coupled receptor 176 
MGI:1917605 Gprc5c G protein-coupled receptor, family C, group 5, member C 
MGI:95794 Lrp2 low density lipoprotein receptor-related protein 2 
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Taken together, not all molecules listed in Table 7-1 are highly implicated with cell 
migration and gene searching for ligand-receptor pairs from MGI (www.informatics.jax.org) 
and GUDMAP (www.gudmap.org) was inconclusive. Therefore, development of a high-







8 Chapter 8 Development of a high-throughput assay for 






Having confirmed the directional growth of the Henle’s loop (LoH) towards the ureteric bud 
(UB) (Chapter 6) and shown that unknown molecule(s) from the spinal cord can probably 
guide the LoH (Chapter 7), the next step was to identify candidate molecule(s) or at least 
study characteristics of those molecule(s) implicated in guiding the LoH. In order to address 
this, development of a high throughput assay system was essential. Therefore, I will search 
guiding molecule(s) for the LoH using combination of high throughput screening methods in 
this chapter. 
Mechanisms that direct cell migration can be divided into five types; contact guidance, 
durotaxis (mechanotaxis), galvanotaxis (electrotaxis), haptotaxis, and chemotaxis (reveiwed 
by Petrie et al., 2009, Lara Rodriguez and Schneider, 2013). As reviewed in Chapter 1, these 
cues drive cell migration in respond to topographical control of the extracellular matrix 
(ECM) (contact guidance) (Curtis and Wilkinson, 1997), increased stiffness (durotaxis) (Lo 
et al., 2000), an electrical potential gradient (galvanotaxis) (Sato et al., 2009), a gradient of a 
factor bound to substratum (haptotaxis) (Carter, 1967) and diffusible factors (chemotaxis) 
(Devreotes and Zigmond, 1988, Rappel et al., 2002). Among these cues, chemotaxis is 
strongly suggested as one of guiding cues for the LoH based on the results discussed in the 
previous chapters. Such chemotactic movements can be studied by cell migration assay. 
Cell migration assays provide straightforward advantages to studying certain functions of 
cells such as migration, absorption and secretion (Kramer et al., 2013). In the 1950s, 
Grobstein showed that membrane filters could be used as cell growth substrates for the study 
of metanephric induction (Grobstein, 1953a, Grobstein, 1953b, Grobstein, 1956). Since then, 
many kinds of permeable supports have been developed and manufactured to study various 
aspects of cell biology. One of those supports is the Boyden chamber initially developed by 
Boyden to study leukocyte chemotaxis (Boyden, 1962). In this system, there are two 
chambers (upper and lower) separated by a membrane filter having an appropriate size of 
pores. In general, cells of interest are seeded in the upper chamber and a factor (attractant) 
can be added to the medium placed in the lower chamber. The number of migrated cells 
through the filter is used as the parameter to measure the cell motility. In addition to 
chemotaxis, many alterations can also be made to the Boyden chamber-based cell migration 
assay to study haptotaxis by coating a filter with ECM and chemokinesis (random migration) 
by adding equal concentrations of factors in the upper and lower chambers (Chen, 2005).    
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I chose to use FluoroBlok (commercially available) cell culture inserts for a migration assay. 
Since the FluoroBlok membrane blocks 490-700nm of light transmission 
(www.bdbiosciences.com), only the migrated cells on the bottom of the membrane are 
detected after fluorescently labelling cells. Using this insert, removing cells on the upper 
membrane, that do not migrate through the membrane, is not required. The insert provided a 
convenient and efficient way of testing the motility of cells. 
In the migration assay that used in this chapter, the rat thick ascending limb (raTAL) of LoH 
cell line was employed (Eng et al., 2007). Regarding the idea that the apex is probably the 
region leading the directional growth of the LoH, I wanted to choose a cell line representing 
the bend region of the LoH in developing kidneys. Although such localisation occurs 
restrictedly in developing kidneys, the choice of using an apex-localised cell line would be 
reasonable to study LoH guidance, since this project focused on developing kidneys. In 
addition, the in vivo (Chapter 3) and ex vivo (Chapter 4, 5) experiments have shown that the 
LoH apex expresses Tamm-Horsfall protein (THP), a marker for TAL (Hoyer et al., 1979, 
Bachmann et al., 1990). Depending on the context above, as a surrogate for the apex, raTAL 
of LoH cell line was employed in the assay. raTAL is long-term cell line that retains the 
characteristics of TAL cells (Eng et al., 2007). The details of generating and characterising 
the cells are described in Carroll et al. (Carroll et al., 2003).  
Based on the previous result that the LoH might be attracted towards the UB, specifically the 
region of ureteric stalk, I first test whether raTAL cells are attracted to a UB cell line in a cell 
migration assay. As surrogate for the UB, I chose to use 6TA2 cell line derived from UBs 
from E11.5 kidneys of ‘immortomice’ (Tai et al., 2012, Tai et al., 2013). 6TA2 cells are 
known to express the ureteric stalk-specific markers, collagen 18 (Lin et al., 2001) and 
Wnt9b (Qian et al., 2003) as described in Tai et al. (Tai et al., 2013). Thus, I tested raTAL 











Figure 8-1 Cell migration of raTAL towards 6TA2 (Image adopted and modified from 
www.bdbiosciences.com). raTAL are seeded in an upper insert and 6TA2 are seeded in a 
lower well (24-well plate). 
 
Then, the experiment leaded to broadly investigating candidate molecule(s) involved with 
attractive activity of raTAL. Since isolating key molecule(s) among numerous numbers of 
other signalling molecules is difficult and time-consuming process, I broadly approached to 
target candidate(s) by testing one of biochemical features of growth factors. As one of 
striking features of many growth factors is heparin-binding (Conrad, 1998), I chose to use 
this feature to categorise the candidate molecule(s). In addition, once the candidates(s) are 
verified as heparin-binding proteins, it would be useful purify these molecules by simply 
eluting them.    
In this chapter, I aim to develop a useful high-throughput assay for searching for and 












8.2.1 Characterisation of raTAL and 6TA2 cell lines for migration assays 
Investigating the attraction of LoH towards UB at the cellular level is another way of 
dissecting LoH guidance cue(s). Therefore, I performed migration assays between two cell 
lines; raTAL (rat thick ascending limb of LoH) and 6TA2 (mouse embryonic ureteric bud). 
To begin with, I used markers to confirm molecular characteristics of raTAL and 6TA2 cell 
lines prior to performing migration assays. Tamm-Horsfall protein (THP), a marker of TAL 
of LoH (Tamm and Horsfall, 1950, Pennica et al., 1987, Hoyer et al., 1979), was employed 
to confirm raTAL as TAL cells (Figure 8-2). Collagen 18α1, one of the marker genes for 
ureteric stalks (Lin et al., 2001), was employed to demonstrate that 6TA2 cells were ureteric 
bud cells (Figure 8-2). Cytoplasmic localizations of both THP (green) and collagen 18α1 
(red) expressions were observed in raTAL and 6TA2 cells respectively (Figure 8-2). 
 
Figure 8-2 Characterisation of raTAL and 6TA2 cell lines. (a) raTAL cells express a 
marker for LoH (thick ascending limb), THP (green). (b) 6TA2 cells express one of stalk 
markers, collagen 18α1 (red).  DAPI was for nuclear staining in both cell lines. Negative 






8.2.2 An alternative method to quantify motility of raTAL in cell 
migration assays 
One direct method to study the chemotactic activity between a cell line and 
chemoattractant(s) /chemorepellent(s), is to use a cell migration assay. After confirming 
marker gene expression in raTAL and 6TA2 cells, a migration assay was carried out to 
determine whether raTAL cells were attracted to 6TA2 cells. For the assay, appropriate pore 
size of Transwell inserts and cell density were carefully chosen. I chose to use of 
Fluoroblock
TM
 Transwell (8µm pore size, 6.5 mm diameter) inserts, since they can block a 
wide range (490 – 700 nm) of light. Thus, only fluorescence from the underside of the well, 
to which migrated cells would relocate, will be visible and will not be confused by cells 
remaining on the top of the filter. Using a Fluoroblock
TM
 Transwell, scraping the upper side 
of the membrane to eliminate resident cells was therefore not required. Regarding the 
diameter of an insert and cell growth, 3×10
4
 cells per insert were determined as the optimal 
seeding density. raTAL cells were seeded and pre-incubated in the insert (upper 
compartment) overnight. At the same time, 6TA2 cells were also seeded and pre-incubated 
in an empty plate (lower compartment) overnight. The insert was then placed in the well of 
the 6TA2-seeded plate and the migration assay was carried out for 4h. The Transwell 
membrane was then fixed in 4% PFA followed by staining, and fluorescent cells were 
counted.  
In conventional cell migration assays using Transwell membranes, chemotactic activity of 
target cells (upper insert seeded cells) is quantified by counting the number of membrane-
crossing cells. These cells on the bottom of the membrane are detected by nuclear staining 
since counting migrated cells is generally considered as a criterion to measure chemotactic 
activity of cells. However, it was found that the Transwell insert with the largest pore size of 
8µm (at the moment) did not permit raTAL cells to migrate through the pores. This was 
confirmed by propidium iodide (PI) staining for nucleic acids (Figure 8-3). No PI expression 
was detected (Figure 8-3). This might be due to a size of raTAL cells, a lot larger than the 
pore size (refer to Figure 8-2). Thus, an alternative method of quantifying membrane-
crossing cells had to be developed. Rather than counting cells by nuclear staining, pores that 
were covered by cytoplasm of raTAL, which can be revealed by phalloidin (actin filament) 
staining, were counted (Figure 8-3). In this manner, the attempted motility of raTAL cells 




Figure 8-3 Motility of raTAL can be quantified by counting number of pores crossed 
by cytoplasm of raTAL. raTAL cells (3×10
4
) were seeded and pre-incubated in a 
Fluoroblock
TM
 Transwell insert (8µm pore size, 6.5mm diameter) overnight and placed in a 
24-well plate, in which 6TA2 cells were also seeded and pre-incubated overnight. After 4h 
of cell migration assay, the bottom of Transwell insert was fixed in 4% PFA and stained with 
(a) propidium iodide (PI, nucleic acids) or (b) FITC phalloidin (filamentous actin). A black 
and white version of images is shown in (a´) and (b´) for easier viewing on a printed paper. 
In a panel (b´), some pores that are covered by phalloidin-stained cytoplasm have been 
marked by red dots to show how crossing raTAL cells were counted. The scale bar = 100µm 
 
 
8.2.3 raTAL cells show chemotactic motility towards 6TA2 cells 
Using already-optimized conditions for the cell migration assay, the motility of raTAL cells 
to 6TA2 cells was assessed. The initial assay aimed to test whether this is a higher attractive 
motility of raTAL cells towards 6TA2 cells compared to raTAL towards other cell lines. As 
a comparison to 6TA2 cells, Six5N6 (a metanephric mesenchymal cell line) (Tai et al., 2012) 
or L929 (a fibroblast cell line) (CCL-1
TM
; ATCC) were employed. As a negative control 
(ctrl), culture medium alone was used. raTAL cells were pre-incubated in inserts overnight, 
and culture medium, 6TA2, Six5N6, and L929 cells were also pre-incubated in 24-well 




plates overnight at the same time. After the pre-incubation, the inserts were placed in the 
wells and the migration assay was carried out for 4h. The inserts were fixed in PFA and 
stained with phalloidin. Seven fields of the bottom of each membrane were captured at 10× 
magnification in the inverted microscope. 
Mean numbers of pores that raTAL cytoplasm crossed against culture medium (ctrl), 6TA2, 
Six5N6, L929 cells were counted (Figure 8-4). The mean numbers±SEM were 31.3±0.3 
(ctrl), 161.7±1.9 (6TA2), 35.3±0.9 (Six5N6), and 26.6±1.2 (L929) (Figure 8-4). raTAL cell 
showed highly motility towards 6TA2 cells compared to culture medium, reflected in a low 
p-value (0.0007)(Figure 8-4). raTAL cells did not show significant motility towards Six5N6 
(p=0.984) and L929 cells (p=0.982) compared to raTAL towards culture medium (Figure 8-
4). The result strongly suggests that raTAL cells showed more attractive motility towards 
6TA2 cells than those towards culture medium, Six5N6, or L929 cells.  
 
Figure 8-4 Attractive activity of raTAL towards 6TA2 cells. Cell migration assays 
between raTAL cells versus 6TA2 cell, Six5N6, and L929 cells are shown. raTAL cells were 
seeded in upper chambers (inserts) and culture medium (ctrl; control), 6TA2, Six5N6 
(metanephric mesenchymal cells), and L929 (fibroblasts) were placed or seeded in the lower 
chambers (24-well plate). The migration assay duration was 4h and stained using FITC-
phalloidin. Seven fields for each insert were captured by inverted microscope. The result 
shows mean numbers ±SEM of pores (ctrl=31.3±0.3, 6TA2=161.7±1.9, Six5N6=35.3±0.9, 
and L929=26.6±1.2) that raTAL cells crossed per field (the file names of images were 
randomised before counting to avoid bias). Data are analysed by one way ANOVA and 
significant p value (0.00023) was obtained. Post hoc Scheffe test were then introduced to 
compare each two groups, and p values were 0.0007 (ctrl vs 6TA2), 0.984 (ctrl vs Six5N6), 
and 0.982 (ctrl vs L929). According to the Bonferroni correction, p values less than 0.0125 




To test whether molecules secreted from 6TA2 cells were long-lived enough for conditioned 
medium to be an effective attractant, I performed the migration assay between raTAL cells 
and 6TA2-conditioned medium. To obtain 6TA2-conditioned medium, 6TA2 cells were pre-
incubated overnight at the same density as previous experiments. The 6TA2-conditioned 
medium was harvested and filtered to remove any remaining 6TA2 cells. The conditioned 
medium was then used in the assay. 
 Mean numbers±SEM of pores that raTAL crossed were 22.5±0.5 (ctrl), 102±1.2 (6TA2), 
and 125.5±2.1 (6TA2-conditioned medium) (Figure 8-5). As shown in the previous result, 
raTAL cells showed attractive motility towards 6TA2 compared to those towards culture 
medium (p=0.0002) (Figure 8-5). Notably, raTAL cells also showed chemotactic activity 
towards 6TA2-conditioned medium, and this chemotactic activity was significantly higher 
than the activity of raTAL towards culture medium (p=0.0003) (Figure 8-5). Moreover, there 
was no significant difference between motility of raTAL cells towards 6TA2 cells and that of 
raTAL cells towards 6TA2-conditioned medium (p=0.078) (Figure 8-5). 
 
Figure 8-5 Attractive activity of raTAL towards 6TA2-conditioned medium. Cell migration 
assays between raTAL cells versus 6TA2-conditioned medium (6TA2 cond) are shown. 6TA2-cond 
was obtained from incubation of 6TA2 cells in a 24-well plate overnight. raTAL cells were seeded in 
upper chambers (inserts) and culture medium (ctrl; control) and 6TA2 cond were placed in the lower 
chambers of a 24-well plate to perform migration assay. The migration assay was carried out for 4h 
and stained using FITC-phalloidin. Seven fields for each insert were captured using an inverted 
microscope. The result shows mean numbers±SEM of pores (ctrl=22.6±0.5, 6TA2=102±1.2, 6TA2 
cond=125.5±2.1) that raTAL cells crossed per field (the file names of images were randomised before 
counting to avoid bias). P-value from one way ANOVA was 0.0005
 
(Significant). P-values from Post 
hoc Tukey HSD test were p=0.0002 (ctrl vs 6TA2), 0.0003 (ctrl vs 6TA2 condition), and 0.078 (6TA2 
vs 6TA2 cond). According to the Bonferroni correction, p values less than 0.0167 (0.05/number of 
groups) were considered as significant. 
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8.2.4 The motility of raTAL towards 6TA2-conditioned medium 
diminishes when heparin-binding proteins in the conditioned 
medium are removed. 
In the previous section, the result showed that the motility of raTAL towards 6TA2-
conditioned medium (6TA2 cond) increased compared to that towards ctrl. This strongly 
suggested that the 6TA2 cells were secreting molecule(s) into the medium that might be 
guiding/attracting raTAL cells. It was therefore imperative to investigate those molecule(s). 
Among so many growth factors, it would be almost impossible to directly select target 
molecule(s) which are implicated in the LoH guidance cue(s). However, it is possible to 
categorize the molecule(s) by their biochemical characteristics. One of major features of 
many growth factors is their ability to bind heparin (Conrad, 1998). Therefore, I chose to use 
the characteristic of heparin-binding for investigating raTAL attracting molecule(s) from 
6TA2 cond. 
To test whether the molecule(s) to increase the motility of raTAL towards 6TA2 is heparin-
binding, I combined a heparin-binding assay with a migration assay. Commercially available 
Heparin-Separopore Agarose 4B was used. 6TA2 cond was prepared as described in the 
previous section. 6TA2 cond was incubated with Heprain-Separopore resin (HSr) on a 
rotator overnight at 4°C. HSr was removed from 6TA2 cond by centrifugation and filtration. 
HSr-removed 6TA2 cond was used in a migration assay (Figure 8-6). In the migration assay, 
raTAL culture medium was used as control (ctrl) (Figure 8-5). In addition, Separopore 4B 
without heparin attached (Matrix; Mt) was incubated in ctrl and 6TA2 cond as a further 
control (Figure 8-6). The motility of raTAL towards different conditions of medium was 
evaluated as described in the previous section (Figure 8-6).  
Mean numbers of pores ± SEM in each condition were 29.4±1.6 (ctrl), 29.6±1.5 (ctrl-Mt), 
27.4±1.2 (ctrl-HSr), 69.7±1.7 (6TA2 cond), 64.7±0.4 (6TA2 cond-Mt), and 37.9±1.5 (6TA2 
cond-HSr) (Figure 8-6). There was no significant difference between the motility of raTAL 
towards ctrl and ctrl-Mt (p=0.98) or ctrl-HSr (p=0.99) (Figure 8-6). As shown in the 
previous section, raTAL showed significantly increased motility towards 6TA2 cond 
compared to ctrl (p=0.0003) (Figure 8-6). raTAL motility towards 6TA2 cond-Mt showed a 
similar result to 6TA2 cond (p=0.93) (Figure 8-6). Markedly, the motility of raTAL towards 
6TA2 cond-HSr significantly decreased compared to 6TA2 cond (p=0.0008) (Figure 8-6). 






Figure 8-6 raTAL cells are guided by a heparin-binding molecule(s) in 6TA2-
conditioned medium. (a) A schematic diagram shows how the heparin-binding assay and 
migration assay were combined to test whether raTAL-attracting molecule(s) in 6TA2 
conditioned medium (6TA2 cond) is heparin binding. 6TA2 cells were pre-incubated 
overnight and 6TA2 cond was filtered and transferred to a new well. 6TA2 cond was 
incubated with Heparin-Separopore resin (HSr) and mixed by rotation overnight at 4°C. HSr 
in 6TA2 cond was removed by centrifugation and filtration. 6TA2 cond with heparin-binding 
proteins removed was used for migration assay. (b) Mean numbers of pores that raTAL cells 
crossed towards different conditions were quantified. For ctrl, culture medium for raTAL 
cells was used. As a control to HSr, Separopore resin (without heparin attached) was 
employed (shown as Mt; Matrix only). Mean numbers ± SEM are 29.4±1.6 (①), 29.6±1.5 
(②), 27.4±1.2 (③), 69.7±1.7 (④), 64.7±0.4 (⑤), and 37.9±1.5 (⑥). P-value from one way 
ANOVA was 0.0004
 
(Significant). P-values between each two groups from Post hoc Tukey HSD test 
were shown in (b) According to the Bonferroni correction, p values less than 0.0083 (0.05/number of 






8.2.5 Heparin-binding proteins isolated from 6TA2-conditioned medium 
do not increase the attractive motility of raTAL 
In the previous section, it was demonstrated that the attractive activity of raTAL towards 
6TA2-conditioned medium (6TA2 cond) was decreased when heparin-binding proteins 
(HBP) were removed. In the inverse way, I tried to confirm that heparin-binding proteins 
from 6TA2 are sufficient to attract raTAL cells. Instead of removing HBP from 6TA2 cond, 
HBPs were isolated and added into the lower compartment of migration unit to assess 
whether raTAL cells still show attractive activity. 
To test this, 6TA2 cond was obtained as described before, and it was incubated with 
Heparin-Separopore resin (HSr) in a rotator overnight (4°C). HSr were centrifuged and the 
supernatant was removed (Figure 8-7). HSr were placed into a plain medium containing 
2.5M NaCl in order to elute HBP from HSr (Figure 8-7). HSr were centrifuged and the 
supernatant was dialysed against excess of a plain medium to get rid of salts overnight 
(Figure 8-7). The medium containing HBP was used in a migration assay. As a control, fresh 
HSr that were not incubated in 6TA2 cond but instead fresh medium were processed in the 
same way as HSr incubated with 6TA2 cond. In the result, HBP eluted from HSr incubated 
with 6TA2 cond was named as cHBP and HBP eluted from fresh HSr incubated with fresh 
medium was named as mHBP (Figure 8-7). 
The motility of raTAL towards the lower chamber was quantified by mean number of pores 
across which 6TA2 cells migrated as described in the previous sections. Migration assays of 
raTAL towards ctrl (culture medium), ctrl+mHBP, and ctrl+cHBP were carried out (Figure 
8-7). The mean numbers ± SEM are 73.4±4.3 (ctrl), 98±4.9 (ctrl+mHBP), and 99.3±3.8 
(ctrl+cHBP) (Figure 8-7). However, there were no differences of raTAL motility between 












Figure 8-7 Heparin-binding protein (HBP) from 6TA2 conditioned medium did not 
increase the motility of raTAL. (a) Schematic illustration explains how HBP was isolated 
from 6TA2 cond. 6TA2 cond was obtained from overnight incubation of 6TA2 cells. 6TA2 
cond was incubated with HSr (Heparin-Separopore resin) at a rotator overnight (4°C). HSr 
was centrifuged and supernatant was removed. Fresh plain medium (without serum) with 
2.5M NaCl was added to HSr to isolate HBP. HSr was removed and the medium containing 
HBP was dialysed overnight against an excess of plain medium to remove salt. Migration 
assay of raTAL towards culture medium with HBP added was performed and the motility of 
raTAL was quantified as described in the previous section. (b) As a control to culture 
medium with HBP added, HSr that was not incubated in 6TA2 cond but rather in fresh 
medium was used and HBP were isolated as named by mHBP. cHBP indicates HBP isolated 
from 6TA2 cond. Mean numbers ±SEM are 73.4±4.3 (ctrl), 98±4.9 (ctrl+mHBP), and 
99.3±3.8 (ctrl+cHBP). There were no significant differences between groups due to p value 









8.3 Chapter discussion 
Whereas there are a number of studies on the cell migration mediated by complex and 
elaborate cues, cues that navigate the developing LoH towards their destination during renal 
development are unknown. In Chapter 6 and 7, I showed that unidentified molecule(s) 
secreted by the UB and the embryonic spinal cord attracted directional growth of the LoH, 
and I stressed the need of a high-throughput assay for searching for guiding molecule(s). In 
this chapter, I showed that the cell line representing the developing LoH apex displayed 
increased motility (chemotactic activity) towards the cell line representing the UB as if the 
LoH attracted towards the UB at a tissue level. Finally, I showed that one of LoH-guiding 
molecules is heparin binding. 
 
8.3.1 A new method to quantify cell motility in cell migration assays 
The transwell membrane with the largest pore size (8 µm) did not allow raTAL cells to 
completely cross the membrane. raTAL cells have a enormous size (>40µm) or/and have a 
growing pattern that proliferates as a group and later construct dome formation (Eng et al., 
2007), and thereby hindered their complete migration through the membrane pores. Hence, I 
decided to count the number of pores across which the cytoplasm of raTAL crossed rather 
than the number of cell nuclei. The cytoplasm was visualized by phalloidin staining, which 
stains F-actins. Regarding the manner of quantifying cell motility by its cytoplasm, this 
method might provide a more accurate way of measuring cell motility, since one of 
mechanisms  of cell migration can be described by actin polymerization in the leading edge 
of cells (Mitchison and Cramer, 1996, Pollard and Borisy, 2003). Therefore, this method is a 
useful alternative when one is unable to visualize the cell nucleus after the cell migration 
assay. However, it should not be ignored that actual movements of the cytoplasm could be an 
effect of raTAL chemokinesis. For accurate results, the transwell membrane with larger pore 








8.3.2 Heparin-binding molecule(s) from 6TA2-conditioned medium is 
required to attract raTAL cells 
To test whether raTAL cells showed attractive activity towards 6TA2 cells, cell migration 
assays were carried out using raTAL and 6TA2 cell lines. The motility of raTAL towards 
6TA2-conditioned medium (6TA2 cond) was similar to motility towards 6TA2. In other 
words, raTAL motility can respond to soluble secreted molecule(s) from 6TA2 cells and 
these molecules are long-lived. Therefore, the next step was to study those secreted 
molecules. 
Isolating candidate molecule(s) from hundreds of thousands of other molecules at once is 
almost impossible. However, it was possible to classify candidate molecule(s) in groups 
based on their biochemical properties. One of the biochemical features of a candidate 
molecule could be whether it can bind to heparin. In fact, many growth factors (cytokines) 
are heparin-binding (Conrad, 1998). Conversely, there are also non heparin-binding growth 
factors that can be excluded from growth factors secreted by the UB and the spinal cord 
(Table 8-1). 
Table 8-1 Examples of non-heparin-binding growth factors.  
By applying a heparin-binding assay to a cell migration assay, I tested whether key 
molecule(s) causing increased motility of raTAL were heparin-binding. Eliminating heparin-
binding proteins (HBP) from 6TA2 cond resulted in lower motility of raTAL compared to 
raTAL towards normal 6TA2 cond, suggesting that the candidates have a heparin-binding 
domain. Thus, I selected heparin-binding proteins from the candidates listed in Table 7-1 
(Table 8-2). Some candidates including Bmp-7, Wnt-4, and Wnt7b are listed as having 




Gene Name Non Heparin-binding 
(references) 
EGF Epidermal growth factor (Zhao et al., 2010) 
GM-CSF Granulocyte macrophage colony-stimulating factor (Gordon et al., 1989) 
IGF-I Insulin like growth factor I (Liekens et al., 2001) 
TGF-α Transforming growth factor alpha (Higashiyama et al., 1993) 
TGF-β3 Transforming growth factor beta 3 (Lyon et al., 1997) 




Table 8-2 Examples of candidate molecules with a heparin-binding property. The 
candidates can bind to heparin are coloured by yellow. 
 
Given that molecule(s) increase the raTAL motility can bind to heparin, it should have been 
possible to elute them. However, raTAL did not show any increased motility towards HBP 
added medium compared to raTAL towards the same medium without HBP added. This 
might suggest that attraction of raTAL might be driven by the combined action of more than 
one molecule secreted by 6TA2 cells, but not all of these molecules bind heparin (Figure 8-
8). It is also possible that the molecule was damaged (conformationally) by the high-salt 
elution wash, or that it was a very small peptide, small enough to be lost during dialysis. The 
apparent range of spatially, from the medulla to the cortex, does suggest that a small peptide 




Gene Name Heparin-binding (references) 
Bmp7 bone morphogenetic protein 7 Yes (Gandhi and Mancera, 2012) 
Efna4 ephrin A4 Unknown 
Jag1 jagged 1 Unknown 
Kitl kit ligand Unknown 
Mdk midkine Yes (Muramatsu, 2010) 
Pdgfc platelet-derived growth factor, C polypeptide Yes (Ori et al., 2009) 
Pkd2 polycystic kidney disease 2 Unknown 
Ptn pleiotrophin Yes (Singh and Srivastava, 2012) 
Sdcbp syndecan binding protein Unknown but probable 
Sema3c sema domain, immunoglobulin domain (Ig), short 
basic domain, secreted, (semaphorin) 3C 
Yes (Esselens et al., 2010) 
Sema5a sema domain, seven thrombospondin repeats 
(type 1 and type 1-like), transmembrane domain 
(TM) and short cytoplasmic domain, 
(semaphorin) 5A 
Unknown but possible 
Slit2 slit homolog 2 (Drosophila) Yes (Seiradake et al., 2009) 
Wnt4 wingless-related MMTV integration site 4 Yes (Zhong et al., 2007) 




Figure 8-8 The candidate attractant for raTAL might consist of more than one 
molecule.  The results from cell migration assays were simply described in diagrams. (a) 
Two possible signalling pathways were simply described. The first case is to have one 
receptor for two different ligands to activate the motility. The second case is to have two 
different receptors and their second messenger molecules act as a cofactor to activate the 
motility. (b) Removal of heparin-binding candidates resulted in no effect on raTAL motility. 
(c) raTAL did not show increased motility towards the culture medium having heparin-












The results in each of the chapters have been discussed at the end of each chapter. The aim 
of this chapter is to briefly tie these results together to consider what more general 
conclusions can be made. 
In order for the kidney to operate normally, each segment of each nephron has to localise to 
its correct position. Among a number of guiding processes that take place during renal 
development, I focused on loop of Henle (LoH) guidance to address how the middle of a 
bent tube navigates. This problem arose from the fact that, while mechanisms that underlie 
guidance of the end of tubes (e.g. angiogenesis) are well studied, how an apex of a U-shaped 
tube navigates is not understood. As the LoH has a hairpin structure, I chose the LoH to 
address this question. In order to understand the cue(s) to direct orientating the LoH, both in 
vivo and ex vivo studies were performed and their major findings are listed below. 
- LoH become more centripetal as they mature in vivo. 
- The low-volume system is a reliable culture method to study LoH. 
- The ureteric bud / collecting duct system as well as the embryonic spinal cord are 
possible sources of molecules that can guide LoH orientation. 
- One of guiding molecules to attract raTAL is heparin-binding. 
 
9.1.1 The loop of Henle navigates by chemotaxis 
There are several types of guidance cues to direct solitary / collective cell migration as 
discussed in section 1.2.2 and 1.2.3. Among those cues, I propose that chemotaxis probably 
controls the LoH orientation. This conclusion is supported by the result obtained from a cell 
migration assay. In the assay, I confirmed that the loops cells (raTAL) are attracted to 
diffusible and long-lived molecules secreted by the ureteric bud / collecting duct cells 
(6TA2) as shown in chapter 8. Moreover, the cut-and-paste experiment stresses the LoH is 
orientated by chemotaxis. The LoH was still attracted towards the medulla although there 





Although I have not ruled out any other cues for the LoH guidance, it is possible that more 
than one cue orientate the LoH. In general, multiple cues simultaneously direct cells’ 
migration and these cues often increase efficiency for cells to move (Lara Rodriguez and 
Schneider, 2013). Endothelial cells’ migration during angiogenesis is a great example of 
multiple cues directing tube locomotion (Lamalice et al., 2007). In addition to chemotaxis, 
haptotaxis and durotaxis also regulate endothelial cell’s migration during angiogenesis 
(Lamalice et al., 2007). Similarly, I speculate that other cues accompanying chemotaxis 
might navigate the LoH.         
 
9.1.2 Maturing collecting duct as a source to guide Henle’s loops? 
One of important findings in this thesis is that the LoH orientate towards developing ureteric 
bud / collecting duct system in cultures. Based on another critical finding that one of cues to 
navigate the LoH orientation is chemotaxis, I suggest two possible ways for maturing 
collecting duct system to guide the LoH. The first is that both the ureteric stalk and the 
collecting duct secrete the same kind of LoH guiding molecules but the most maturing 
collecting duct produces them much more. Thus, the LoH are attracted to the oldest 
collecting duct. Secondly, it is also possible that not the collecting duct but the mesenchyme 
surrounding it is the source to secrete LoH guiding molecules to navigate the LoH 
orientation. However, this case less possibly occur since Six5N6 (mesenchymal cell line) did 
not seem to attract raTAL as shown in chapter 8. 
Therefore, guiding molecules are probably expressed in a gradient along the collecting duct. 
For instance, Wnt-7b can be a candidate since it satisfies several requirements as LoH 
guiding molecules. Firstly, Wnt-7b expressed in a gradient (more strongly expressed in the 
medullary collecting duct than the cortical collecting duct) along the collecting duct (Yu et 
al., 2009) (www.gudmap.org).  Secondly, Wnt-7b is also expressed by the embryonic spinal 
cord (Parr et al., 1993, Ulloa and Marti, 2010) that I found it as an alternative source to 
attract the LoH (chapter 7). Third, Wnt-7b is known as a heparin-binding protein (Zhong et 
al., 2007). More importantly, Yu el al. demonstrated Wnt-7b as an essential factor for the 
LoH elongation using Wnt-7b lacking mutant mice (Yu et al., 2009).  Thus, I postulate that 
Wnt-7b also plays direction-finding role in the LoH in addition to its role in elongation. This 
orientating LoH process by Wnt-7b might be mediated by orientated cell division as if the 
cortico-medullary axis is established by a Wnt7b-related pathway acting on the orientated 
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cell division (Yu et al., 2009).  Therefore, it would be interesting to test a role of Wnt-7b in 
the LoH orientation.     
 
9.2 Future prospects 
9.2.1 Further studies on analyzing the candidate molecules 
As discussed in the previous section, it would be interesting to assess whether Wnt-7b acts in 
LoH orientation. To test if Wnt-7b is required for LoH orientation, Wnt-7b can be blocked 
by siRNA or function blocking antibodies after the LoH form in cultures. 
If Wnt-7b does not turn out to be the LoH guiding molecules, there would be more work in 
identifying candidates that attract raTAL for future research. In order to test whether the 
candidates are destroyed during the salt-based elution step or whether both HBP and non-
HBP are required to attract raTAL, it would be interesting to mix HBP (derived from 6TA2-
conditioned medium) and the supernatant (HBP-removed 6TA2-conditioned medium). If the 
mixed solution attracts raTAL, the candidates are indeed consists of HBP and non-HBP and 
both are required for raTAL attraction. If the mix still does not attract raTAL, HBP are 
destroyed or are small peptides that can easily be lost during the elution or dialysis.  
Subsequently, protein sequencing (e.g. mass spectrometry) of molecules eluted from 
heparin-binding molecules would provide a list of candidates. In addition to this, since I 
showed that excreted molecules from 6TA2 cells can attract raTAL cells but that molecules 
from other cell lines (Six5N6, L929) cannot, two-dimensional gel electrophoresis (2DE) can 
be used here. For instance, 6TA2 cells are labelled with 
3
H amino acids, and Six5N6 or L929 
cells are labelled with 
35
S amino acids. Then, run a 2DE of the mix of the conditioned media 
and find spots that correspond to 
3
H. As an alternative method, aliquots of 6TA2-conditioned 
medium can be analysed by the size fractionation technique such as size-exclusion 
chromatography. In these ways, useful information such as molecular weight and/or 
isoelectric point of the candidates (the bioactive molecules) can be determined.  
Inversely, raTAL receptors that recognise ligands secreted by 6TA2 but not by other cells 
can be investigated after performing cell migration assays. This can be done by detecting 
phosphorylated receptors. For instance, dual staining methods using an anti-target antibody 
and a phospho-specific antibody can be used.  
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Once LoH guiding molecules are found, it would be interesting to test the function of those 
molecules in a culture system. By inhibiting target molecules using a small interference 
RNA technique and function blocking antibodies, it would be possible to confirm that the 
molecules actually guide the LoH orientation.   
 
9.2.2 Tracing cell proliferation in the developing loop of Henle 
It is also intriguing to assess cell proliferation of the developing LoH. In fact, there is a lack 
of study defining the growth region of the developing LoH although Cha et al. showed that 
the corticomedullary junction is the growth zone of the LoH in rat pups (Cha et al., 2001). 
Therefore, detection of cell proliferation such as 5-bromo-2’-deoxy-uridine (BrdU) labeling 
might be a key experiment to check the correlation between the LoH direction and their 
elongation. 
 
In this thesis, I have studied the guidance cues of developing LoH. Although some of the 
findings might lead to the idea that guidance cue(s) that direct the LoH orientation are more 
complicated than expected, this thesis demonstrates that the LoH is an excellent model to 
study guidance cues of the middle of a U-shaped tube. In addition, the findings will provide 
useful information in our understanding of orientating LoH, which is one of the essential 
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‘fetal kidneys’, very similar in both morphology and in num-
ber to those formed by intact organ rudiments.  Conclusion: 
This brings the engineering technique one important step 
closer to production of a fully realistic organ. 
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 Introduction 
 The primary goal of renal tissue engineering is to con-
struct an organ that resembles the natural kidney as 
closely as possible  [1–4] . One strategy for achieving this 
is to exploit the capacity of renal cells for self-organiza-
tion.
 Two years ago, Unbekandt and Davies  [5] invented a 
method to recapitulate the early stages of organotypic re-
nal structure from simple suspensions of isolated embry-
onic renal cells. Because the cell suspension was obtained 
by dissociation of early (E11.5, ‘T-bud stage’) embryonic 
mouse kidneys, the method was called the ‘dissociation-
reaggregation technique’. In its basic form, it produced 
immature nephrons arranged around ureteric bud tissue, 
but the ureteric bud cells were arranged as a multitude of 
small ureteric buds/collecting duct trees rather than as 
one single coherent collecting duct tree system, and there-
 Key Words 
 Embryonic kidney   Reaggregates   Tissue engineering   
Low-volume culture   Loop of Henle 
 Abstract 
 Background: Tissue engineering of functional kidney tissue 
is an important goal for clinical restoration of renal function 
in patients damaged by infectious, toxicological, or genetic 
disease. One promising approach is the use of the self-orga-
nizing abilities of embryonic kidney cells to arrange them-
selves, from a simply reaggregated cell suspension, into en-
gineered organs similar to fetal kidneys. The previous state-
of-the-art method for this results in the formation of a 
branched collecting duct tree, immature nephrons (S-
shaped bodies) beside and connected to it, and supportive 
stroma. It does not, though, result in the significant forma-
tion of morphologically detectable loops of Henle – anatom-
ical features of the nephron that are critical to physiological 
function.  Methods: We have combined the best existing 
technique for renal tissue engineering from cell suspensions 
with a low-volume culture technique that allows intact kid-
ney rudiments to make loops of Henle to test whether engi-
neered kidneys can produce these loops.  Results: The result 
is the formation of loops of Henle in engineered cultured 
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fore failed to reproduce a key feature of normal renal 
anatomy  [5, 6] . The ‘nephrosphere’ technique developed 
by Lusis and colleagues  [7] in the same year did not in-
clude collecting ducts at all, so suffered from an even 
more severe version of this problem.
 To resolve this limitation, Ganeva et al.  [6] developed 
a serial dissociation and reaggregation system. They 
first used the original dissociation and reaggregation 
system to make reaggregates with multiple, small ure-
teric buds. They then manually isolated one of these 
small reaggregated ureteric buds and combined it with 
fresh disaggregated and reaggregated mesenchyme: the 
result was development of immature nephrons that were 
arranged around one, highly-branched ureteric bud/
collecting duct system. This was a good reflection of the 
structure of mouse embryonic kidneys at about 13 days’ 
gestation.
 As normal kidneys mature, from about 14 days of 
mouse development  [8] , they develop distinct cortical 
and medullary zones. Bowman’s capsules, proximal tu-
bules and distal tubules are restricted to the cortex, while 
the medulla consists of collecting ducts and loops of Hen-
le, elements of the nephron that extend radially inwards 
from the cortex. This arrangement is vital for normal 
physiology, particularly the recovery of water (which de-
pends on loops of Henle making the medullary intersti-
tium very hypertonic compared to normal body fluids). 
Any useful system for renal tissue engineering must 
therefore be able to reproduce this feature. The standard, 
Trowell-screen culture methods used for development of 
existing dissociation-reaggregation methods do not sup-
port efficient development of loops of Henle, even when 
they are used to culture normal, intact kidney rudiments. 
There is therefore neither positive nor reliable negative 
evidence about the potential for reaggregated kidneys to 
organize themselves to produce realistic corticomedul-
lary zonation or loops of Henle.
 A recently published novel culture method, based on 
growing rudiments on silicone-bounded glass slides with 
extremely low volumes of medium (just tens of microli-
tres), allows an intact kidney isolated directly from an 
E11.5 embryo to develop organotypic corticomedullary 
zonation with loops of Henle over the course of 7–10 days 
 [9] . In this short report, we combine the idea of tissue en-
gineering, from cell suspensions by the serial dissocia-
tion-reaggregation method, with the low-volume culture 
method for corticomedullary zonation. The result is the 
production, from cell suspensions, of kidneys with dis-
tinct cortical and medullary zones and with loops of 
Henle extending radially inwards. This marks a further 
step towards engineering a realistic fetal kidney from 
simple suspensions of cells, and provides a potential path 
by which renal stem cells could be used to make kidney 
rudiments for clinical applications. 
 Materials and Methods 
 Organ Culture 
 The main method is depicted diagrammatically in  figure 1 . 
Kidney rudiments were obtained from E11.5 CD1 mouse embryos 
(morning of plug check considered to be E0.5) by manual dissec-
tion in Eagle’s minimum essential medium (MEM) with Earle’s 
salts (Sigma cat. # M5650). For whole-kidney conventional (Trow-
ell screen) culture, they were placed on a 5-  m Isopore membrane 
filter (Millipore cat. # TMTP02500) supported by a stainless steel 
grid in a 3.5-cm culture dish at the gas-medium interface. The 
medium was Kidney Culture Medium (KCM): Eagle’s MEM (Sig-
ma cat. # M5650) with 10% fetal bovine serum (Invitrogen cat. # 
10108165) and 1% penicillin/streptomycin (Sigma cat. # P4333), as 
described by Unbekandt and Davies  [5] . For the low-volume cul-
ture system, we followed the method described in Sebinger et al. 
 [9] . The cone shape ‘A’ silicon ring (Sarstedt cat. # 94.6077.434) 
was attached to a 22  ! 22 mm glass coverslip (VWR Internation-
al cat. # 631-0125) and the reaggregates were placed in the centre 
of it in 85   l of KCM.
 Tissue Engineering by Reaggregation 
 E11.5 embryonic kidneys from CD1 mice were dissected in 
MEM (Sigma cat. # M5650). The kidney rudiments were then dis-
sociated enzymatically and reaggregated exactly as described in 
Unbekandt and Davies  [5] . They were cultured in KCM on Isopore 
filters supported by metal grids as described above. For the first
24 h, the ROCK inhibitor, 1.25   M glycyl-H1152-dihydrochloride 
(Tocris batch # 1A/93503), was added to KCM. This medium was 
then replaced with drug-free KCM for the remaining 3–4 days of 
culture, as described  [5] . After this first incubation, single ure-
teric bud cysts were isolated from the whole-kidney reaggregates 
by manual dissection. Dissociated fresh metanephric mesen-
chyme was isolated as described by Ganeva et al.  [6] ; briefly, 10–15 
kidneys were incubated in 2 ! trypsin/EDTA (Sigma cat. # T4174) 
in MEM for 2 min at 37  °  C and quenched in KCM. Following this, 
the mesenchymes were peeled away from the ureteric bud. The 
mesenchymes were collected in a 500-  l tube, dissociated by gen-
tle pipetting and reaggregated by centrifugation at 3,000 rpm for 
2 min in a microcentrifuge. The reaggregated ureteric buds from 
the dissociation-reaggregation experiment were combined, singly, 
with reaggregated fresh mesenchymes on a membrane filter in the 
conventional culture system. They were then cultured for 1–2 days 
in KCM; during this time, they became solid enough to manipu-
late. They were removed from their filters and transferred to the 
low-volume culture system. They were incubated for a further 5–7 
days (so to a total of 6–9 days from application of mesenchyme to 
bud cyst), medium being changed every 2 days.
 Immunohistochemistry 
 Tissues were fixed using cold methanol initially at –20  °   C and 
allowed to warm up towards room temperature during the 15-min 
fixation. They were rinsed in PBS for 30 min at room temperature. 
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Primary antibodies applied to the tissues were diluted 1: 100 in PBS 
and applied overnight at 4  °  C; primary antibodies were mouse an-
ti-calbindin (Abcam cat. # ab9481), mouse anti-pan cytokeratin 
(Sigma cat. # C2562), chicken anti-laminin (Abcam cat. # ab14055), 
rabbit anti-laminin (Sigma cat. # L9393), and rabbit anti-human 
Tamm-Horsfall glycoprotein (Bioquote cat. # bt-590). The next 
day, tissues were washed for a few hours in PBS and secondary an-
tibodies were applied overnight at 4  °  C. Secondary antibodies were 
goat FITC anti-chicken (Abcam cat. # ab97134), goat FITC anti-
mouse (Sigma cat. # F2012) and goat TRITC anti-rabbit (Sigma cat. 
# T6778), and were applied at 1/100 in PBS. Finally, tissues were 
washed in PBS for a few hours. Those grown on filters in Trowell 
culture were mounted, still on their pieces of filter, between two 
22  ! 64 mm coverslips that had 22  ! 22 mm coverslips sand-
wiched between them at their ends as spacers, to keep the longer 
coverslips apart and prevent the samples being crushed: the whole 
assembly was sealed with nail varnish (Portobello Pink, Rimmel) 
and mounted loosely on a microscope slide so that the coverslip 
assembly could be inverted if the filter-and-kidney combination 
happened to be upside down. These samples were viewed on a 
Zeiss Axioscope epifluorescence microscope. Organs and reag-
gregates grown in the low-volume system were viewed using a 
Zeiss Axiovert epifluorescence microscope.
 Identification and Counting of Loops of Henle 
 Loops of Henle were identified and counted primarily by mor-
phological criteria because the existence of an actual  loop (rather 
than mere expression of marker genes, some of which appear in 
the S-shaped body before real loops form) has greater physiologi-
cal relevance: see Results and Discussion. Anti-laminin staining 
(see above) was used to trace the shapes of all tubules. The crite-
rion used to define the presence of an LoH, and to count them, 
was the existence of a tube that was bent sharply back on itself like 
a hair grip (US: ‘bobby pin’), extending from the mid-portion of 
a nephron. The straight part of the tube had to be more than a 
tubule diameter in length before it was considered to be a bona 
fide loop of Henle (in practice, they were much longer). As an ad-
ditional test, immunostaining for Tamm-Horsfall glycoprotein 
was used in some experiments to confirm that the morphologi-
cally identified loops do indeed express this loop of Henle marker 
in the expected manner (they do – see Results and Discussion). 
Counting was done using a low-power image of the whole kidney 
and using high-power views to confirm loop morphology as 
shown in  figures 2–4 .
 We also recorded whether loops of Henle extended towards the 
middle of the kidney. To do this, two lines were drawn on an im-




















 Fig. 1. Schematic description of the meth-
od to incubate the reaggregated kidney 
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radius line, ran from the centre of the kidney to and beyond the tip 
of the loop (‘centre of the kidney’ defined as the first branching 
point of the collecting duct system). The angle between the axis of 
the loop and the radius line beyond the tip was then measured, to 
assess how accurately the loop of Henle was orientated radially 
towards the centre of the kidney: perfect radial alignment would 
yield an angle of zero. Where the angle was less than 45°, the loop 
was counted as extending towards the centre (‘centripetal’).
 Results and Discussion  
 The aim of the work described here is to produce mor-
phologically detectable and correctly positioned loops of 
Henle. We emphasize development of a proper loop mor-
phology, rather than just presence of early Loop of Henle 
gene expression markers in the central section of an S-
shaped body, because the function of the loop of Henle 
depends critically on its anatomy: just having marker ex-
pression with no extending loop would not be physiolog-
ically useful. The principal criterion used to define the 
presence of a LoH was therefore the existence of a tube, 
bent sharply back on itself like a hair grip (US: ‘bobby 
pin’), extending from the mid-portion of a nephron. Im-
munostaining for Tamm-Horsfall glycoprotein was used 
as an additional confirmation that the criterion for iden-
tifying loops of Henle described above does correlate 
with expression of this marker (see below). 
 As has been described before  [10] , intact kidneys in 
conventional organ culture produced well-branched col-
lecting duct trees that had nephrons developing next to 
them and connecting with them ( fig. 2 a, b). Even after 10 
days of culture, there was little evidence of morphologi-
cally detectable loops of Henle: on average, only a mean 
of 1.4 (  = 0.74) formed per culture, and those that could 
be found tend to be very short. An example of one of these 
rare loops is arrowed in  figure 2 b. Kidneys engineered by 
serial reaggregation from cell suspensions, by the method 
in  figure 1 , and cultured conventionally, also produced 
nephrons arranged around a well-branched collecting 
duct system ( fig. 2 c, d) but, again, loops of Henle were 
rare, with a mean number per culture of 1.0 (  = 1.4). 
There was no significant difference between the number 
of these loop rudiments produced in intact and engi-
neered kidneys cultured conventionally on Trowell 
screens (p = 0.65 by two-tailed t test).
 To overcome this restriction, we used the low-volume 
culture method of Sebinger et al.  [9] . For intact kidneys, 
this technique was used exactly as published. For serial 
reaggregates, the combination of a ureteric bud cyst from 
the first reaggregation ( fig. 1 , step 1) with fresh mesen-
chyme (from  fig. 1 , step 2) was cultured conventionally 
for 1–2 days before being transferred to the low-volume 
culture system ( fig. 1 , step 3). This period of convention-
al culture before low-volume culture had to be used be-
400 μm 200 μm
200 μm 100 μm
a b
c d
 Fig. 2. In 10 days of conventional Trowell-
screen culture, both intact kidneys ( a ,  b ) 
and kidneys engineered ( c ,  d ) through se-
rial reaggregation produce an organotypic 
arrangement of nephrons around a single 
collecting duct tree, but there is little sign 
of development of loops of Henle (one rare 
example is arrowed in  b . Green shows
the ureteric bud marker, calbindin-D-28k, 
and red the basement membrane marker, 
laminin.  
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cause the low-volume culture method requires an organ 
rudiment to be placed in a specific place (the centre, 
where the medium is at its shallowest so that surface ten-
sion presses down on the tissue  [9] ). This accurate place-
ment was not possible until reaggregation had proceeded 
far enough to make a solid ‘tissue’ that could be manipu-
lated by pipette.
 Intact kidneys behaved in the low-volume culture sys-
tem exactly as has been described before  [9] . The organ 
rudiments spread over a large area and formed a well-
branched collecting duct tree ( fig. 3 a, b). Under these cul-
ture conditions, loops of Henle could be seen; a mean of 
16.3 (  = 3.0) per culture, some long and extended and 
some shorter but still identifiable: examples of both can 
be seen, arrowed, in the higher magnification view of the 
sample of  figure 3 a that is presented in  figure 3 b. This 
increase in loop production was highly significant (p = 
0.00004 by a two-tailed t test). Most (95 of 98: 97%) loops 
extended correctly towards the middle of the kidney 
(‘centripetally’, defined for measurement purposes as 
heading towards the first ureteric branch with an error of 
less than  8 45°).
 Kidneys engineered by serial reaggregation, preincu-
bated in conventional culture for 2 days and then trans-
ferred to low-volume culture, also spread over a large area 
and formed a well-branched collecting duct system 
( fig. 3 c, d). Except for the fact that the intact kidneys had 
an overall polarity arising from the ureteric bud entry 
point while the engineered ones had no unique entry 
point and therefore showed radial symmetry, these engi-
neered organs were difficult to distinguish from their in-
tact counterparts (compare  fig. 3 c with  fig. 3 a). Impor-
tantly, under these culture conditions the engineered kid-
neys produced morphologically identifiable loops of 
 Fig. 3. In low-volume culture, kidneys engi-
neered by series reaggregation form loops of 
Henle like those formed by intact kidneys in 
low-volume culture.  a A low-power view of 
an intact kidney in low-volume culture. The 
arrows point to positions of developing 
loops of Henle, identified by examination of 
higher magnification images.  b An example 
of a higher magnification image, with loops 
of Henle marked with arrows (the arrows 
point at the loops and have nothing to do 
with the orientation of the loops).  c A low-
power view of a kidney engineered by seri-
al reaggregation in low-volume culture. 
Again, the arrows point to developing loops 
of Henle, identified by examination of high-
er magnification images.  d ,  e Examples of 
successively higher magnification images, 
with loops of Henle marked with arrows.
 f The average total number of loops of Hen-
le per kidney formed in each method, and 
the average number of loops that extend ra-
dially inwards (heading towards the first 
ureteric branch with less than a 45° error): 
these are called ‘centripetal’, i.e. centre-
seeking, on the graph). Intact kidneys were 
cultured for 10 days and serial reaggregates 
for 2 days of conventional culture (from fi-
nal aggregation of UB cyst with fresh MM) 
followed by 6 days of low-volume culture. 
Error bars show standard deviation; p val-
ues are given in the main text; the groups 
contained 8, 6, 4 and 3 cultures, respective-
ly. Green shows the ureteric bud marker, 
calbindin-D-28k, and red the basement 
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Henle, which can be seen in  figure 3 c and more easily in 
the successively higher magnification views,  figure 3 d 
and e. Quantitatively, the engineered kidneys produced a 
mean of 14.0 (  = 1.73) morphologically identifiable loops 
per culture. This was highly significantly different from 
loop production in conventional culture (p = 0.0005 by a 
two-tailed t test). Encouragingly, it was not significantly 
different from the performance of intact kidneys in low-
volume culture (a two-tailed t test yields p = 0.19; no sig-
nificant difference). Once again, most (40 of 42: 95%) 
loops were orientated towards the centre of the kidney. 
The quantitative behaviour of kidneys and engineered 
kidneys in these culture systems, with respect to Loop of 
Henle formation, is shown in  figure 3 f.
 To confirm morphological identification of loops of 
Henle, we examined the expression of Tamm-Horsfall 
protein (THP), which is expressed strongly in the ascend-
ing limb of the mature loop of Henle  [11, 12] . In intact 
kidneys and in serial reaggregates, THP expression could 
be seen in the growing loops of Henle ( fig.  4 a–c). It is 
striking to note that, in these early kidneys (both intact 
and engineered), THP expression is particularly strong 
near the bend of the growing loop. THP expression be-
gins a little after loop emergence, which means that some 
shorter morphologically defined loops did not express 
























THP. Nevertheless, counting only the THP-positive loops 
shows the same pattern ( fig. 4 d): very few in convention-
al culture and significantly more (p = 0.02 by two-tailed 
t test) in low-volume cultures of intact and engineered 
kidneys. Again, there was no significant difference (p = 
0.90 by two-tailed t test) between the numbers in intact 
and engineered.
 The development of loops of Henle brings engineered 
kidneys an important step closer to being properly repre-
sentative of kidneys that have developed normally in vivo. 
Essentially, it makes the anatomical development of the 
epithelial tubules very similar to that found in a normal 
late-gestation fetal murine kidney. Important remaining 
steps include the introduction of properly patterned and 
integrated vascular and nervous systems.
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 Fig. 4. THP expressed loops were shown in 
the intact and engineered kidneys in the 
low-volume system.  a An intact kidney 
cultured in the low-volume system, with a 
loop of Henle (arrow) marked with U-
shaped adluminal expression of THP 
(green), the basement membrane again be-
ing stained for laminin (red).  b A similarly 
stained image of a serial reaggregate kid-
ney, with several loops visible (arrows; the 
arrow with the larger head marks a loop, 
the bend of which can clearly be seen as 
such in this plane of focus).  c A low-power 
view to demonstrate the specificity of anti-
THP for loops of Henle (i.e. absence of 
stain in other parts of the kidney).  d The 
average number of THP-expressing loops 
of Henle per kidney formed in each meth-
od (error bars = standard error of the 
mean). Intact kidneys were cultured for 9 
days and serial reaggregates for 2 days of 
conventional culture followed by 6 days of 
low-volume culture. 
 Improved Method of Renal Tissue 
Engineering 
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Abstract Increasing numbers of people approaching and liv-
ing with end-stage renal disease and failure of the supply of
transplantable kidneys to keep pace has created an urgent need
for alternative sources of new organs. One possibility is tissue
engineering of new organs from stem cells. Adult kidneys are
arguably too large and anatomically complex for direct con-
struction, but engineering immature kidneys, transplanting
them, and allowing them to mature within the host may be
more feasible. In this review, we describe a technique that
begins with a suspension of renogenic stem cells and pro-
motes these cells’ self-organization into organ rudiments very
similar to foetal kidneys, with a collecting duct tree, nephrons,
corticomedullary zonation and extended loops of Henle. The
engineered rudiments vascularize when transplanted to appro-
priate vessel-rich sites in bird eggs or adult animals, and show
preliminary evidence for physiological function. We hope that
this approach might one day be the basis of a clinically useful
technique for renal replacement therapy.
Keywords Tissue engineering . Adaptive self-organization .
Transplantation . Angiogenesis . Organ culture
Clinical need for renal tissue engineering
Renal disease is a serious and increasing problem all over the
developed world. A combination of congenital kidney dis-
eases, acute chemical damage (including pharmacological),
infection and damage from chronic diseases such as diabetes
and idiopathic hypertension mean that a large number of
people reach end-stage renal disease (ESRD) [1]. Two com-
mon treatments exist: dialysis to maintain life and, for more
fortunate patients, transplantation of a functional kidney.
There is, however, a serious shortage of transplantable kid-
neys: the waiting list is around 7,000 people in the UK alone.
This creates an urgent need for new developments in
preventing renal damage in the first place, in regenerating
damaged kidney tissue in situ and in engineering new trans-
plantable kidneys when endogenous kidney function cannot
be saved. This review focuses on the last of these needs.
A full-scale adult kidney is an anatomically complicated
structure that contains >60 cell types [2]. Engineering a new
one is therefore unlikely to be easy. Different research groups
currently take one of three broad approaches: (1) direct con-
struction by printing, (2) repopulation of decellularised matrix
and (3) construction of simple kidney progenitors intended to
mature in a host. So far, although the idea of printing a kidney
has been talked about within the research community and in
more public platforms [3], the spatial resolution and cellular
complexity required is beyond existing technologies. Repop-
ulating a decellularised matrix is more promising. It still
requires a decellularised donor kidney, but in a postmortem
condition, this could be far worse than the minimum required
for living transplant. It also requires a source of adult kidney
cells to perform the repopulation, so is not exactly a solution to
transplant waiting lists, although conceivably a patient’s own
remaining cells from a damaged kidney may be persuaded to
multiply enough to colonize the matrix of a good one. So far,
the best experiments with decellularisation have succeeded in at
least limited repopulation and better filtration than achieved by
decellularised matrix alone [4]. There is still a long way to go
from here to acceptable functionality.
The idea of using stem cells to engineer ‘foetal kidneys’
that can be grafted into a host to grow and mature in situ is the
only one of these approaches that needs neither cells nor
matrix from an adult kidney. Therefore, it might in principle
be a way of escaping the restrictions of waiting lists. This
method, too, has a very long way to go before it is clinically
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practical, but this approach is the subject of the rest of this
review.
Overview of the engineering-then-maturation approach
There are essentially three steps to the ‘engineering-then-
maturation’ approach (Fig. 1). The first is to generate
renogenic (kidney-producing) stem cells from a patient’s
own induced pluripotent stem cells (iPS) cells or some other
convenient stem cell source. The second is to engineer a foetal
kidney from the simple suspension of stem cells that would be
obtained from cultures. The third is to graft the engineered
rudiment in a way that promotes its maturation and function.
Each of these stages presents quite different problems and
requires a different set of skills.
The first problem, that of differentiating embryonic (ES) or
iPS cells into renogenic stem cells is often called reprogram-
ming, although the term is poorly chosen because the aim is
not to alter the natural developmental programme in the
genome, but, rather to move cells to the kidney-producing
part of it. Several groups have made progress with this: One
approach uses specific exogenous growth factors to mimic the
succession of signals that cells would receive in their progress
from inner cell mass via mesoderm and intermediate meso-
derm to metanephrogenic mesoderm or ureteric bud [5]. An-
other approach uses culture in a niche. A third approach works
by directly transfecting the cells with appropriate transcription
factors [6]. Each of these approaches remains a work in
progress, but production of stem cells with some apparently
renogenic characteristics has been achieved, albeit with low
efficiency [6, 7].
Evenwhen the problem ofmaking renogenic stem cells has
been solved, a culture of stem cells is not a kidney. A critical
step is therefore the development of a technique that enables
tissue engineering a small, properly organised kidney. Our
work has been directed towards this step, and a technique
for performing it is the main focus of the rest of this review.
Before discussing this specific step in detail, however, it is
worth considering the feasibility of ‘downstream’ techniques
for transplantation of the engineered foetal kidneys into adult
hosts. Experiments on grafting embryonic kidneys into adults
began in the 1940s and included grafting to the omentum [8],
into the eye [9, 10] and subcutaneously [11]. In rats, E15 foetal
kidneys transplanted into uninephrectomised or pregnant
adult hosts grew and became vascularised; between 17 and
21 days later, it was possible to connect their ureters to that of
the host [12]. As these foetal kidneys continued to mature,
they produced urine, although with only about 6 % of normal
glomerular filtration rate [13]: for comparison, haemodialysis
of humans provides the equivalent of about 10 % normal
filtration rate. If the remaining adult kidney was removed,
the transplants functioned well enough to produce a modest
prolongation of host life—not enough to be clinically useful,
but perhaps enough to indicate that these existing experiments
provide a foundation on which better techniques might be
constructed [13].
The hope of the engineering-then-maturation approach is
that the three critical steps, each currently being tackled almost
in isolation from the other two, can be refined and then
connected to complete a pathway from stem cells to function-
al, transplanted, engineered rudiment.
Development of a renal tissue engineering technique:
the stem cell reaggregation approach
Embryonic kidneys develop almost autonomously: even
when removed from the rest of the embryo and cultured in
simple media, intact organ rudiments will develop essentially
organotypically (except for a lack of blood vessels) to produce
nephrons arranged around and connected to a branched
collecting duct system [14, 15]. When first isolated from the
embryo, the organ rudiments consist of two stem cell types—
ureteric bud and metanephrogenic mesenchyme—which will
each later produce further cell types. Clearly, these cells and
the communication loops between them [16] are capable of
sufficient adaptive self-organisation [17] to arrange them-
Fig. 1 Overview of the engineering-then-maturation approach. Step 1 is
the production of renogenic stem cells from induced pluripotent stem cells
(iPS) cells (or any other stem cell easily obtainable from a patient). Step 2,
the main topic of this review, is the construction of an engineered foetal
kidney from these stem cells. Step 3 is transplantation of the engineered
rudiment and subsequent maturation to physiological maturity in the host
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selves into a foetal organ without detailed external signals and
even tomake an appropriately unusually shaped organ to fit an
unusually constrained environment. A trivial example of this
plasticity, familiar to many in the field, is the ability of kidneys
to grow flat on a filter instead of three-dimensionally in an
embryo. Coming from a research background with a theoret-
ical interest in self-organising systems, we reasoned from
known communication loops that the self-organising ability
of the cells may be sufficiently high to work even when their
original anatomical relationships have been erased. This is the
abstract basis of the stem cell reaggregation approach.
Because there is so far no reliable way of producing sig-
nificant numbers of renogenic stem cells as pure populations
from ES, iPS or mesenchymal stem cells (MSCs), we began
by harvesting E10.5 mouse kidneys and dissociating them
into simple cell suspensions. These suspensions are a simula-
tion of what we hopewill, one day, be available from a reliable
iPS-to-renogenic stem cell process: it has never been our
intention to engineer human kidneys for clinical use from
suspensions of human fetal cells for obvious ethical reasons.
Simply bringing suspensions of mixed ureteric bud and
metanephrogenic mesenchymal cells together by centrifuging
them into a random aggregate does not result in development
of renal structures: instead, the cells die. This cell death is not
surprising: suspending the cells removes them from their
natural cell–cell and cell–matrix contacts. In general, when
untransformed cells lose these contacts, they die by a type of
programmed cell death called anoikis [18], probably a valu-
able safety mechanism for eliminating cells that are errone-
ously placed during natural development. A quite different
line of research in the laboratory, on the role of the cytoskel-
eton in ureteric bud branching [19], indicated that inhibiting
the rho-dependent-kinase (ROCK) strongly inhibited elective
cell death that is a normal feature of metanephric development
[20]. Incubation of reaggregated suspensions of renogenic
stem cells with ROCK-inhibiting drugs suppressed anoikis
and promoted survival but interfered dramatically with subse-
quent morphogenesis, as might be expected from the effects of
ROCK inhibition on intact kidneys [19]. An improved tech-
nique, which used ROCK-inhibiting drugs to protect reaggre-
gates for their first 24 h and then replaced them with simple
media, was much more successful [21]. Over the next few
days, the reaggregates formed many small, branching ureteric
bud tree-lets, which induced early nephron formation in the
surrounding mesenchyme. By morphology and gene expres-
sion, the development of these nephrons was normal, and they
connected to the ureteric bud tree-lets (Fig. 2a).
Arranging the kidney around one collecting duct system
The problem with the simple reaggregation system described
above is that it produces many small collecting duct tree-lets
rather than a single connected tree that could be joined to a
ureter. Clearly, a kidney made in this way, even if it could be
connected to the blood system, would not be useful because
the filtrate would have nowhere to go. Also, at a more subtle
level, there would be no clear corticomedullary organisation.
Formation of multiple small collecting duct tree-lets is inher-
ent in the manner in which the system is assumed to work, as
ureteric bud cells aggregate together to make multiple small
clumps that cannot be expected to join because growing
ureteric bud branches show mutual repulsion (Davies et al.,
unpublished data).
A method by which to engineer kidneys arranged around a
single collecting duct system was developed by us [22] using
a serial culture method. The first step is a basic reaggregation
culture to produce a ‘kidney’ with many small ureteric bud
Fig. 2 Engineered renal tissues produced by single (left panel) and serial
(right panel) reaggregation. Each contains nephrons (n: red) and collecting
ducts (cd: green); in the single reaggregation system, the organ is
disorganised because there are many collecting duct tree-lets rather than
one tree. The serial reaggregation system generates a kidney organised
around a single collecting duct tree. These micrographs are ‘spare’ images
from data sets described in our earlier publications [21, 22]
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tree-lets, as above. One of these is then isolated and surrounded
by a fresh suspension of metanephrogenic mesenchymal cells.
The result is ramification of the tree-let into a single collecting
duct tree and conversion of metanephrogenic mesenchymal
cells into cap mesenchyme, nephrons and stroma in the usual
manner, with nephrons connecting to the collecting duct sys-
tem (Fig. 2b). Under appropriate culture conditions that favour
corticomedullary zonation in intact kidney rudiments, these
serial reaggregates show a distinct outer cortex and inner
medulla and medullary extension of loops of Henle [23].
Connecting to a blood supply
Reaggregated kidneys, as with intact kidney rudiments cul-
tured in incubators filled with 5% carbon dioxide (CO2) in air,
show little or no development of a vascular system. This is a
problem for tissue engineering for the purposes of regenera-
tive medicine, the main physiological function of a kidney is
to filter blood: normal adult human kidneys receive about
20 % of cardiac output. Clearly, some way has to be found
to connect the nephrons of engineered kidneys to flowing
blood.
The metanephrogenic mesenchyme of kidney rudiments
contains endogenous endothelial progenitors even though
they do not differentiate well in normal culture. Endothelial
differentiation can be encouraged by incubation in very low
oxygen, but this results in large masses of endothelial cells
rather than organised vessels [24]. If a kidney rudiment is
cultured with an external source of vessels that are capable
of angiogenesis, for example the chorioallantoic membrane
(CAM) of a bird egg, it is capable of attracting exogenous
blood vessel branches and thereby gaining a blood supply [25,
26].When such grafts are made from one strain or species into
another, it is possible to determine that blood vessels are in
fact derived from both graft and host, generally the larger
vessels being host-derived and the smaller ones coming from
the graft’s own mesenchyme [27]. Presumably, the incoming
exogenous vessels somehow stimulate differentiation of en-
dogenous endothelial progenitors, though the biology of this
is not understood.
Whatever the underlying organising mechanisms, the abil-
ity of kidney rudiments to acquire a vascular system when
placed near host vessels offers a possible method for equip-
ping cell-derived reaggregate kidneys with a functional blood
supply. Grafting them on chick CAM (Fig. 3a) results in
ingrowth of host vessels (Fig. 3b) and formation of
glomerulus-type structures in the graft (Fig. 3c).
First functional tests
It has been known for some years that foetal kidneys
transplanted into adult hosts can organise a blood supply,
grow and show some physiological activity [13]. Logically,
if the engineered foetal kidneys really are like their natural
counterparts, they should behave the same way. We adapted
the methods used in foetal kidney transplantations to assess
the ability of engineered reaggregated kidneys to function in a
mammalian host. Integration with the host vasculature hap-
pened efficiently only when the reaggregates were presoaked
in vascular endothelial growth factor (VEGF), a known stim-
ulant of angiogenesis [28]. When VEGF was used, however,
host vessels entered the grafted engineered kidney. Injected
fluorescently labelled albumen crossed from the blood system
to enter the urinary space and was recovered by proximal
tubule cells [29]. On a positive note, this implies that fluid
flow from vessels to urinary space is taking place, presumably
through glomeruli, and that at least some proximal reuptake
function is normal. On the other hand, a well-constructed
glomerulus should not allow major flow of molecules as large
as albumin across it. In the system used, quantitative measure-
ment was not possible, so the physiological quality of the
engineered, grafted kidneys remains unclear with respect to
filtration, recovery or concentration.
Fig. 3 Vascularisation of engineered kidney rudiments on chick chorio-
allantoic membrane (CAM). a The CAM itself. b Chick vessels entering
an engineered kidney rudiment (the dark object, centre). c A section
through such a kidney: present are S-shaped body-stage (SB) nephrons
and more mature nephrons that have Bowman’s capsules with glomeruli
(G) and a lower cleft (LC) consisting of podocytes (Po) and endothelial
cells (En). As in normal nephrons, the distal tubule (DT) approaches the
glomerular entrance, where it makes a macula densa (MD)
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Prospects
From the point of view of tissue engineering with a view to
transplantation, the most pressing needs are to: (1) investigate
how much engineered kidneys can grow and mature after
grafting, (2) establish the physiological parameters of the
engineered kidneys and (3) find a way of obtaining renogenic
stem cells from a patient (for example, by partly differentiat-
ing iPS cells).
Given the similarity between engineered foetal kidneys and
real ones, existing programmes of research and development
on transplantation of foetal kidneys might be expected to
improve the prospects for transplanted kidneys, even if such
programmes are not specifically aimed at doing this. There are
already some encouraging results from transplantation of foe-
tal kidneys to large animals instead of rodents. E28 pig kidney
to adult pig transplants, for example, show growth and pro-
duction of new nephrons while in the host [30, 31]. Likely
areas for development include finding better sites for engraft-
ment, protection of immature kidneys from adult blood pres-
sure (something likely to be a problem in humans, even if it is
not in rodents), and possibly developing ways to engraft many
kidneys into one host so they can share the physiological load.
Identifying humoral changes that take place on unilateral
nephrectomy and during pregnancy, both of which are already
known to encourage growth of grafted kidney rudiments, may
also be useful.
Testing the physiological function of engineered kidneys is
difficult in the context of a mammalian host. It may be better
to return to the chick CAM system, in which the kidney is
plumbed in to a pumped blood supply powered by the chick
embryo heart. This system is highly accessible for injection of
tracer molecules or drugs into the blood supply and to sam-
pling from the collecting duct system. This would allow
measurement of filtration rates, cutoff, concentration of fil-
trate, osmolarity of the medullary stroma etc.
The problem of obtaining renogenic stem cells may turn out
to be themost frustrating, or it may fall quickly. The reaggregate
system offers a highly valuable tool for stem cell biologists
because it provides a clear test for renogenic activity. In partic-
ular, it is possible to mix marked candidate stem cells with the
embryo-derived kidney stem cells and then to test whether they
contribute tomaking a chimeric engineered organ [20, 32]. This
has already been used to test the abilities of some suspected
stem cells with results that are, frankly, disappointing compared
with the abilities of cells straight from the kidney-forming part
of the embryo [33–36]. Any cells that do pass this test would be
highly promising candidates for practical use.
The entire approach of tissue engineering as a means of
restoring renal function will not be helpful in all patients with
ESRD: it will probably be most suited to diseases involving
gradual but unstoppable renal degeneration, which allow time
for maturation of a graft in a still healthy body rather than for
fast-onset, acute failure. Even if it can be made to work as well
as hoped, engineering new organs will probably be just one
technique amongst many, including conventional transplanta-
tion and, hopefully, stem-cell-based regeneration in situ.
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